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INTRODUCTION 


The challenge of well-posed problems transcends national boundaries, 
ethnic origins, political systems, economic doctrines, and religious 
beliefs; the appeal is almost universal. Why? You are invited to formulate 
your own explanation. We simply accept the observation and exploit it 
here for entertainment and enrichment. 

This book is a new, combined edition of two volumes first published 
in 1970. It contains more than three hundred problems that are “off the 
beaten path"—problems that give a new twist to familiar topics or that 
introduce unfamiliar topics. With few exceptions, their solution requires 
little more than some knowledge of elementary algebra, though a dash of 
ingenuity may help. The problems range from fairly easy to hard, and 
many have extensions or variations that we call challenges. Supplied 
with pencil and paper and fortified with a diligent attitude, you can make 
this material the starting point for exploring unfamiliar or little-known 
aspects of mathematics. The challenges will spur you on; perhaps you can 
even supply your own challenges in some cases. A study of these non- 
routine problems can provide valuable underpinnings for work in more 
advanced mathematics. 

This book, with slight modifications made, is as appropriate now as it 
was a quarter century ago when it was first published. The National Council 
of Teachers of Mathematics (NCTM), in their Curriculum and Evaluation 
Standards for High School Mathematics (1989), lists problem solving as its 
first standard, stating that "mathematical problem solving in its broadest 
sense is nearly synonymous with doing mathematics." They go on to Say, 
"[problem solving] is a process by which the fabric of mathematics is 
identified in later standards as both constructive and reinforced." 

This strong emphasis on mathematics is by no means a new agenda 
item. In 1980, the NCTM published An A genda for Action. There, the NCTM 
also had problem solving as its first item, stating, "educators should give 
priority to the identification and analysis of specific problem solving strate- 
gies... . [and] should develop and disseminate examples of 'good problems’ 
and strategies." It is our intention to provide secondary mathematics 
educators with materials to help them implement this very important 
recommendation. 


ABOUT THE BOOK 

Challenging Problems in Algebra is organized into three main parts: 
“Problems,” "Solutions," and "Answers." Unlike many contemporary 
problem-solving resources, this book is arranged not by problem-solving 
technique, but by topic. We feel that announcing the technique to be used 
stifles creativity and destroys a good part of the fun of problem solving. 

The problems themselves are grouped into two sections. Section I 
covers eight topics that roughly parallel the sequence of a first year 
algebra course. Section II presents twelve topics that roughly parallel the 
second year algebra course. 

Within each topic, the problems are arranged in approximate order of 
difficulty. For some problems, the basic difficulty may lie in making the 
distinction between relevant and irrelevant data or between known and 
unknown information. The sure ability to make these distinctions is part 
of the process of problem solving, and each devotee must develop this 
power by him- or herself. It will come with sustained effort. 

In the "Solutions" part of the book, each problem is restated and then 
its solution is given. From time to time we give alternate methods of 
solution, for there is rarely only one way to solve a problem. The 
solutions shown are far from exhaustive, and intentionally so, allowing 
you to try a variety of different approaches. Particularly enlightening is 
the strategy of using multiple methods, integrating algebra, geometry, and 
trigonometry. Instances of multiple methods or multiple interpretations 
appear in the solutions. Our continuing challenge to you, the reader, is to 
find a different method of solution for every problem. 

The third part of the book, "Answers," has a double purpose. It 
contains the answers to all problems and challenges, providing a quick 
check when you have arrived at a solution. Without giving away the 
entire solution, these answers can also give you a hint about how to 
proceed when you are stuck. 

Appendices at the end of the book provide information about several 
specialized topics that are not usually covered in the regular curriculum 
but are occasionally referred to in the solutions. This material should be 
of particular interest and merits special attention at the appropriate time. 


THE TOPICS COVERED 


Section I. The book begins with a chapter of general problems, 
simple to state and understand, that are generally appealing to 
students. These should serve as a pleasant introduction to problem 
solving early in the elementary algebra course. 

Chapter 2 demonstrates the true value of algebra in understanding 
arithmetic phenomena. With the use of algebraic methods, students are 
guided through fascinating investigations of arithmetic curiosities. 


vi 


Familiar and unfamiliar relations are the bases for some cute problems 
in chapter 3. A refreshing consideration of various base systems is 
offered in chapter 4. Uncommon problems dealing with the common 
topics of equations, inequalities, functions, and simultaneous 
equations and inequalities are presented along with stimulating 
challenges in chapters 5, 6, and 7. 

The last chapter of this section contains a collection of problems 
summarizing the techniques encountered earlier. These problems are best 
saved for the end of the elementary algebra course. 


Section II. The second section opens with a chapter on one of the 
oldest forms of algebra, Diophantine equations—indeterminate equations 
for which only integer solutions are sought. These problems often appear 
formidable to the young algebra student, yet they can be solved easily 
after some experience with the type (which this section offers). 

The next two chapters present some variations on familiar themes, 
functions and inequalities, treated here in a more sophisticated manner 
than was employed in the first section. 

The field of number theory includes some interesting topics for the 
secondary school student, but all too often this area of study is avoided. 
Chapter 12 presents some of these concepts through a collection of 
unusual problems. Naturally, an algebraic approach is used throughout. 

Aside from a brief exposure to maxium and minimum points on a 
parabola, very little is done with these concepts prior to a study of the 
calculus. Chapter 13 will demonstrate through problem solving some 
explorations of these concepts at a relatively elementary level. 

Chapters 14, 15, 17, and 18 offer unconventional problems for some 
standard topics: quadratic equations, simultaneous equations, series, and 
logarithms. The topic of logarithms is presented in this book as an end in 
itself rather than as a (computational) means to an end, which has been its 
usual role. Problems in these chapters should shed some new (and dare we 
say refreshing) light on these familiar topics. 

Chapter 16 attempts to bring some new life and meaning, via 
problem solving, to analytic geometry. Chapter 19 should serve as a 
motivator for further study of probability and a consideration of generat 
counting techniques. 

We conclude our treatment of problem solving in algebra with 
chapter 20, "An Algebraic Potpourri." Here we attempt to pull together 
some of the problems and solution techniques considered in earlier 
sections. These final problems are quite challenging as well as out of the 
ordinary, even though the topics from which they are drawn are quite 
familiar. 


USING THE BOOK 

This book may be used in a variety of ways. It is a valuable supplement 
to the basic algebra textbooks, both for further explorations on specific 
topics and for practice in developing problem-solving techniques. The 
book also has a natural place in preparing individuals or student teams for 
participation in mathematics contests. Mathematics clubs might use this 
book as a source of independent projects or activities. Whatever the use, 
experience has shown that these problems motivate people of all ages to 
pursue more vigorously the study of mathematics. 


Very near the completion of the first phase of this project, the 
passing of Professor Charles T. Salkind grieved the many who knew and 
respected him. He dedicated much of his life to the study of problem 
posing and problem solving and to projects aimed at making problem 
solving meaningful, interesting, and instructive to mathematics students 
at all levels. His efforts were praised by all. Working closely with this 
truly great man was a fascinating and pleasurable experience. 


Alfred S. Posamentier 
1996 


PREPARING TO 
SOLVE A PROBLEM 


A strategy for attacking a problem is frequently dictated by the use of 
analogy. In fact, searching for an analogue appears to be a psychological 
necessity. However, some analogues are more apparent than real, so 
analogies should be scrutinized with care. Allied to analogy is structural 
similarity or pattern. Identifying a pattern in apparently unrelated 
problems is not a common achievement, but when done successfully it 
brings immense satisfaction. 

Failure to solve a problem is sometimes the result of fixed habits of 
thought, that is, inflexible approaches. When familiar approaches prove 
fruitless, be prepared to alter the line of attack. A flexible attitude may 
help you to avoid needless frustration. 

Here are three ways to make a problem yield dividends: 

(1) The result of formal manipulation, that is, “the answer,” may or may 
not be meaningful; find out! Investigate the possibility that the 
answer is not unique. If more than one answer is obtained, decide on 
the acceptabiklity of each alternatibe. Where appropriate, estimate the 
answer in advance of the solution. The habit of estimating in advance 
should help to prevent crude errors in manipulation. 

(2) Check possible restrictions on the data and/or the results. Vary the 
data in significant ways and study the effect of such variations on the 
original result. 

(3) The insight needed to solve a generalized problem is sometimes 
gained by first specializing it. Conversely, a specialized problem, 
difficult when tackled directly, sometimes yields to an easy solution 
by first generalizing it. 

As is often true, there may be more than one way to solve a problem. 
There is usually what we will refer to as the “peasant's way" in contrast to 
the "poet's way"—the latter being the more elegant method. 

To better understand this distinction, let us consider the following 
problem: 


If the sum of two numbers is 2, and the product of these 
same two numbers is 3, find the sum of the reciprocals 
of these two numbers. 


ix 


Those attempting to solve the following pair of equations simultane- 
ously are embarking on the "peasant’s way" to solve this problem. 


x+y=2 
xy = 3 


Substituting for y in the second equation yields the quadratic equation, 
x2 —2x +3=0. Using the quadratic formula we can find x = 1+ iv2. 
By adding the reciprocals of these two values of x, the answer = appears. 
This is clearly a rather laborious procedure, not particularly elegant. 

The “poet's way" involves working backwards. By considering the 
desired result 


1 1 
=f = 
re 


and seeking an expression from which this sum may be derived, onc 
should inspect the algebraic sum: 
pa BS 
xy 
The answer to the original problem is now obvious! That is, since 
x + y = 2 and xy =3, Bee: This is clearly a more elegant 
solution than the first one. 

The "poet's way” solution to this problem points out a very useful 
and all too often neglected method of solution. A reverse strategy is 
certainly not new. It was considered by Pappus of Alexandria about 320 
A.D. In Book VII of Pappus’ Collection there is a rather complete descrip- 
tion of the methods of "analysis" and "synthesis." T. L. Heath, in his 
book A Manual of Greek Mathematics (Oxford University Press, 1931, 
pp. 452-53), provides a translation of Pappus' definitions of these terms: 


Analysis takes that which is sought as if it were 
admitted and passes from it through its successive 
consequences to something which is admitted as the 
result of synthesis: for in analysis we assume that 
which is sought as if it were already done, and we 
inquire what it is from which this results, and again 
what is the antecedent cause of the latter, and so on, 
until, by so retracing our steps, we come upon 
something already known or belonging to the class of 
first principles, and such a method we call analysis as 
being solution backward. 


But in synthesis, reversing the progress, we take as 
already done that which was last arrived at in the 
analysis and, by arranging in their natural order as 
consequences what before were antecedents, and 
successively connecting them one with another, we 
arrive finally at the construction of that which was 
sought: and this we call synthesis. 


Unfortunately, this method has not received its due emphasis in the 
mathematics classroom, We hope that the strategy recalled here will serve 
you well in solving some of the problems presented in this book. 

Naturally, there are numerous other clever problem-solving strategies 
to pick from. In recent years a plethora of books describing various 
problem-solving methods have become available. A concise description of 
these problem-solving strategies can be found in Teaching Secondary 
School Mathematics: Techniques and Enrichment Units, by A. S. 
Posamentier and J. Stepelman, 4th edition (Columbus, Ohio: Prentice 
Hall/Merrill, 1995). 

Our aim in this book is to strengthen the reader's problem-solving 
skills through nonroutine motivational examples. We therefore allow the 
reader the fun of finding the best path to a problem's solution, an 
achievement generating the most pleasure in mathematics. 


PROBLEMS 


SECTION I 
First Year Algebra 


1. Posers: Innocent and Sophisticated 


The number of hairs on a human head, a castaway on a desert 
island trying to conserve his supply of water, a stubborn watch that 
stops for fifteen minutes every hour — these are some of the fanciful 
settings for the problems in this opening section. A variety of mathe- 
matical ideas are encountered in the problems, with the Pigeon Hole 
Principle and the mathematics of uniform motion receiving the greatest 
share of attention. 


1-1 Suppose there are 6 pairs of blue socks ali alike, and 6 pairs of 
black socks all alike, scrambled in a drawer. How many socks 
must be drawn out, all at once (in the dark), to be certain of 
getting a matching pair? 


Challenge 1 Suppose the drawer contains 3 black pairs of socks, 7 
green pairs, and 4 blue pairs, scrambled. How many socks 
must be drawn out, all at once (in the dark), to be certain 
of getting a matching pair? 


Challenge 2 Suppose there are 6 different pairs of cuff links scrambled 
in a box. How many links must be drawn out, all at once 
(in the dark), to be certain of getting a matching pair? 


1-2 Find five positive whole numbers a, b, c, d, e such that there is no 
subset with a sum divisible by 5. 


1-3 A multiple dwelling has 50 letter boxes. If 101 pieces of mail are 
correctly delivered and boxed, show that there is at least one 
letter box with 3 or more pieces of mail. 


2 PROBLEMS 


Challenge 1 
Challenge 2 
Challenge 3 
Challenge 4 


What conclusion follows if there are 102 pieces of mail? 
What conclusion follows if there are 150 pieces of mail? 
What conclusion follows if there are 151 pieces of mail? 


If no human being has more than 300,000 hairs on his 
head, and the population of Megalopolis is 8,000,000 
persons, what is the least value of » in the assertion that 
there are n persons in Megalopolis with the same number 
of hairs on their heads? (Assume that all people have at 
least one hair on their head.) 


1-4 Assume that at least one of a; and 6, has property P, and at 
least one of az and b2 has property P, and at least one of a3 and 
b3 has property P. Prove that at least two of a1, a2, a3, or at 
least two of 51, bo, b3 have property P. 


Challenge 1 


Challenge 2 


Challenge 3 


Add to the information in Problem 1-4 that at least one 
of a, and 6, has property P, and that at least one of 
a, and b; has property P. Prove that at least 3 of the a’s, 
or at least 3 of the b’s have property P. 


Assume that property Q is possessed by at least one of 
a1, 61, C1, by at least one of ao, bo, Co,..., by at least 
one of ayo, 610, Cio. Find the largest value of k in the 
assertion that at least k of the a’s, or at least k of the b’s, 
or at least & of the c’s have property Q. 


Assume that property R is possessed by at least two of 
a1, by, c,, by at least two of ae, be, co,..., by at least 
two of a5, bs, cs. Find the largest value of m for which it 
can be said that at least m of the a’s, or of the 5’s, or of 
the c’s have property R. 


1-5 An airplane flies round trip a distance of L miles each way. The 
velocity with head wind is 160 m.p.h., while the velocity with tail 
wind is 240 m.p.h. What is the average speed for the round trip? 


1-6 Assume that the trains between New York and Washington leave 
each city every hour on the hour. On its run from Washington to 
New York, a train will meet trains going in the opposite direc- 
tion. If the one-way trip in either direction requires four hours 
exactly, what is the value of n? 
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Challenge Change “four hours exactly” to “three and one-half hours 


exactly” and solve the problem. 


1-7 A freight train one mile long is traveling at a steady speed of 
20 miles per hour. It enters a tunnel one mile long at | P.M. At 
what time does the rear of the train emerge from the tunnel? 


1-8 A watch is stopped for 15 minutes every hour on the hour. How 
many actual hours elapse during the interval the watch shows 
12 noon to 12 midnight? 


Challenge 1 


Challenge 2 


A watch is stopped for 15 minutes every hour on the 
hour. According to this watch, how many hours elapse 
between 12 noon and 12 midnight (actual time)? 


Between [2 noon and 12 midnight, a watch is stopped for 
1 minute at the end of the first full hour, for 2 minutes at 
the end of the second full hour, for 3 minutes at the end of 
the third full hour, and so forth for the remaining full 
hours. What is the true time when this watch shows 12 
midnight? 


1-9 The last three digits of a number N are x25. For how many values 
of x can N be the square of an integer? 


1-10 A man born in the eighteenth century was x years old in the 
year x”. How old was he in 1776? (Make no correction for 
calendric changes.) 


Challenge 1 


Challenge 2 


Is there a corresponding puzzle for the nineteenth cen- 
tury? If so, find the man’s age in 1876. 


Show that there is no corresponding puzzle for the 
twentieth century. 


1-11 To conserve the contents of a 16 oz. bottle of tonic, a castaway 
adopts the following procedure. On the first day he drinks 1 oz. 
of tonic and then refills the bottle with water; on the second day 
he drinks 2 oz. of the mixture and then refills the bottle with 
water; on the third day he drinks 3 oz. of the mixture and again 
refills the bottle with water. The procedure is continued for suc- 
ceeding days until the bottle is empty. How many ounces of water 
does he thus drink? 


4 PROBLEMS 


Challenge Assume that the oe drinks only + 3 oz. the first day, 
1 oz. the second day, 5 oz. the third day, and so forth. 


Find the total cen as of water. 


1-12 Which yields a larger amount with the same starting salary: 
Plan I, with four annual increases of $100 each, or 
Plan II, with two biennial increases of $200 each? 


Challenge How does the result change if the increase under Plan I] 
is $250? 


1-13 Assuming that in a group of m people any acquaintances are 
mutual, prove that there are two persons with the same number 
of acquaintances. 


1-14 The smallest of 2 consecutive integers is 7. Represent in terms of j 
(a) the largest integer ZL (b) the middle integer M. 


Challenge 1 Let 7 be the largest of n consecutive integers. Represent 
in terms of j (a) the smallest integer S (b) the middle 
integer M. 


Challenge 2. Let j be the smallest of consecutive even integers. 
Represent in terms of j (a) the largest integer L (b) the 
middle integer M. 


Challenge 3 Let j be the smallest of n consecutive odd integers. 
Represent in terms of j (a) the largest integer L (b) the 
middle integer M. 


Challenge 4 If n is a multiple of 4, find the integer in position = 


for the original problem and each of Challenges 1, 2, 
and 3. 


1-15 We define the symbol |x| to mean the value x if x > 0, and the 
value —x if x < 0. Express |x — y| in terms of max(x, y) and 
min(x, y) where max(x, y) means x if x > y, and yp if x < y, 
and min(x, y) means x if x < y, and yifx > y. 

Challenge 1 Does the result cover the case when x = y? 

zee 4 owl and find the 


2 
corresponding expression for min(x, y). 


Challenge 2. Prove that max(x, y) = 
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xifx > 0 = —xifx <0 
1-16 Let xt = {71% 2 9 and let x -{ Oifx > 0. 
Express: 
(a) x in terms of xt and x7 (b) |x| in terms of x* and x~ 
(c) xt in terms of |x| and x (d) x7 in terms of |x| and x. 


(See problem 1-15 for the meaning of |x|.) 


1-17 We define the symbol [x] to mean the greatest integer which is 
not greater than x itself. Find the value of [y] + [1 — y]. 


Challenge 1 Find the value of (a) [y] — {1 — »] () [I — »] — DI. 


[x] 


Challenge 2. Evaluate F = a 
a positive non-integer (c) x is a negative non-integer. 


Challenge 3 Evaluate D = [x?] — [x]? when (a) 0 < x < 1b) I < 
x<2(—/)2< x < 3. 


when (a) x is an integer (x + 0) (b) x is 


Challenge 4 Find an x satisfying the equation [x]x = 11. 


Challenge 5 Let (x) = x — [x]; express (x + y) in terms of (x) 
and (). 


1-18 At what time after 4:00 will the minute hand overtake the hour 
hand? 


Challenge 1 At what time after 7:30 will the hands of a clock be 
perpendicular? 


Challenge 2. Between 3:00 and 4:00 Noreen looked at her watch and 
noticed that the minute hand was between 5 and 6. Later, 
Noreen looked again and noticed that the hour hand 
and the minute hand had exchanged places. What time 
was it in the second case? 


Challenge 3 The hands of Ernie’s clock overlap exactly every 65 
minutes. If, according to Ernie’s clock, he begins working 
at 9 a.m. and finishes at 5 P.M., how long does Ernie work, 
according to an accurate clock? 


6 PROBLEMS 


2 Arithmetic: Mean and Otherwise 


“Mathematics is the queen of the sciences, and arithmetic is her 
crown,” said the great mathematician Carl Friedrich Gauss. School 
arithmetic eventually grows up and turns into the branch of mathe- 
matics called number theory, which has fascinated mathematicians and 
amateurs alike through the ages. In this section, you will find problems 
from number theory involving such topics as means, factorization, 
primes, divisibility, partitions, and remainders. 


2-1 The arithmetic mean (A.M.), or ordinary average, of a set of 
50 numbers is 32. The A.M. of a second set of 70 numbers is 53. 
Find the A.M. of the numbers in the sets combined. 


Challenge 1 Change the A.M. of the second set to —53, and solve. 


Challenge 2. Change the number of elements in each set to 1}, and 
solve. 


Challenge 3 Find the point-average of a student with A in mathe- 
matics, A in physics, B in chemistry, B in English, and 
C in history — using the scale: A, 5 points; B, 4 points; 
C, 3 points; D, 1 point — when (a) the credits for the 
courses are equal (b) the credits for the courses are 
mathematics, 4; physics, 4; chemistry, 3; English, 3; 
and history, 3. 

Challenge 4 (a) Given 2 numbers each equal to 1 + , and two num- 
bers each equal to 1; find their A.M. (b) Given m numbers 
each equal to 1 + ‘, and one number 1; find their A.M. 
Which of (a) and (b) is larger? 

Challenge 5 Given m numbers each equal to 1 — | and one number 
2; find their A.M. 

Challenge 6 In order to find the A.M. of 8 numbers a), do,..., 4g, 
Carl takes one-half of $51 + 582 where s} = a, + ag+ 
a3 + a4, and so = a5 + ag + a7 + Gg; and Caroline 


takes one-half of 183 + +54 where s3 = a; + a3 + 
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as + a7, and sg = a2 + a4 + ag + ag. Explain why 
both obtain the correct A.M. 


Challenge 7 Estimate the approximate A.M. of the set {61, 62, 63, 65, 
68, 73, 81, 94}. 


2-2 Express the difference of the squares of two consecutive even 
integers in terms of their arithmetic mean (A.M.). 


Challenge How does the result change if two consecutive odd integers 
are used? 


2-3 It is a fundamental theorem in arithmetic that a natural number 
can be factored into prime factors in only one way — if the order 
in which the factors are written is ignored. This is known as the 
Unique Factorization Theorem. For example, 12 is uniquely 
factored into the primes 2, 2, 3. 

Consider the set S; = {4,7,10,...,3k + 1,...}, in which 
k= 1,2,...,”,.... Does S; have unique factorization? 


Challenge Is factorization unique in Sp = {3,4,5,...,k,...}? 
2-4 What is the smallest positive value of for which n? + n+ 41 
is not a prime number? 


Challenge Examine the expression n? — n + 41 for primes. 


2-5 Given the positive integers a, b, c, d with ; < : < 1; arrange in 


é i , a bd bd b+d 
order of increasing magnitude the five quantities: —»—>—> = edt 
acacat+te 


2-6 It can be proved (see Appendix J) that, for any natural number n, 
the terminal digit of n® is the same as that of 7 itself; that is, 
n®rpn, where the symbol Tp means “has the same terminal digit.” 
For example, 4°1p4. 


Find the terminal digit of (a) 21? (b) 23° (c) 77 (d) 8?° (e) 819-71! 
Challenge Find the terminating digit of (a) (3)° (b) (5) 7 
2-7 If N = 1-2-3--- 100 (more conveniently written 100!), find 


the number of terminating zeros when the multiplications are 
carried out. 


8 PROBLEMS 


Challenge Find the number of terminating zeros in D = 36! — 24! 


2-8 Find the maximum value of x such that 27 divides 21! 
Challenge 1 Find the highest power of 3 in 21! 


Challenge 2. Find the highest power of 2 in 21! excluding factors also 
divisible by 3. 


2-9 The number 1234 is not divisible by 11, but the number 1243, ob- 
tained by rearranging the digits, is divisible by 11. Find all the 
rearrangements that are divisible by 11. 


Challenge Solve the problem for 12034. 


2-10 Let k be the number of positive integers that leave a remainder 
of 24 when divided into 4049. Find k. 


Challenge 1 Find the largest integer that divides 364, 414, and 539 
with the same remainder in each case. 


Challenge 2. A somewhat harder problem is this: find the largest 
integer that divides 364, 414, and 54! with remainders 
R,, Ro, and R3, respectively, such that Ro = R, + 1, 
and R3 = Rot l. 


Challenge 3 A committee of three students, A, B, and C, meets and 
agrees that A report back every 10 days, B, every 12 
days, and C, every 15 days. Find the least number of 
days before C again meets both A and B. 


2-11 List all the possible remainders when an even integer square is 
divided by 8. 


Challenge List all the possible remainders when an odd integer square 
is divided by 8. 


2-12 Which is larger: the number of partitions of the integer VN = 
k - 10? into 2k + 1 positive even integers, or the number of par- 
titions of N into 2k + 1 positive odd integers, where k = 1, 2, 
3,...? To partition a positive integer is to represent the integer 
as a sum of positive integers. 


2-13 Given the three-digit number N = a,a2a3, written in base 10, 
find the least absolute values of m,, mo, mg such that MW is di- 
visible by 7 if mia, + meae + mg3az is divisible by 7. 


Arithmetic: Mean and Otherwise 9 


Challenge 1 Solve the problem for the six-digit number N = 
G@142038 4858 g. 
NOTE: Only ||, ||, and || are needed. 


Challenge 2 Solve the problem for the four-digit number N = 
G;A7A38 4. 


2-14 When x® + a is divided by x + 2, the remainder is known to 
be —15. Find the numerical value of a. 


Challenge 1 Find the smallest value of a for which x? + a is exactly 
divisible by x + 2. 


Challenge 2. Find the value of a in the original problem when x + 2 
is replaced by x — 2. 


2-15 If x — aisa factor of x? + 2ax — 3, find the numerical value(s) 
of a. 


Challenge 1 Find the remainder when P(x) = x® — 2x? + 2x — 2 
is divided by x + 1. 


Challenge 2. Find the remainder when x° + | is divided by x — m. 
Find the remainder when x® + 1 is divided by x + m. 
Find the remainder when x® + 1 is divided by x? — m. 
HINT: x© + 1 = (x7)? + 1 


2-16 Let N be the product of five different odd prime numbers. If N is 
the five-digit number abcab, 4 <a < 8, find N. 


2-17 If a five-digit number N is such that the sum of the digits is 29, 
can N be the square of an integer? 


2-18 Each of the digits 2, 3, 4, 5 is used only once in writing a four- 
digit number. Find the number of such numbers and their sum. 


2-19 Find all positive integral values of k for which 8k + 1 expressed 
in base 10 exactly divides 231 expressed in base 8. 


Challenge Solve the problem with 231 expressed in base 12. 


2-20 Express in terms of n the positive geometric mean of the positive 
divisors of the natural number 7. Definition: The positive geo- 
metric mean of the & positive numbers a), ao,..., @ iS 

@1@q...4z. 
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3 Relations: Familiar and Surprising 


Relations defined by equations and inequalities are a common 
feature of the algebraic landscape. Some of the sources for the unusual 
relations in these problems are monetary transactions, percents, and 
the Cartesian lattice. 


3-1 Let y, = ae Let ya = the simplified expression obtained by 
replacing x in yy by <— . Let y3 be the simplified expression 


obtained by senlacing x in pe by ae and so forth. Find 
YG» Y100> Ys5o1- 


Challenge 1 Find the value of yo2o9 when x = 2. 

Challenge 2. Find the value of ys9; when x = 2 

Challenge 3. Find the value of yoo, when x = |. Be careful! 
Challenge 4 Find the value of yoo9 when x = |. Be doubly careful! 


3-2 Let us designate a lattice point in the rectangular Cartesian plane 
as one with integral coordinates. Consider a rectangle with sides 
parallel to the axes such that there are s, lattice points in the base 
and Sg lattice points in the altitude. The vertices are lattice points. 
(a) Find the number of interior lattice points, N(/). 

(b) Find the number of boundary lattice points, N(B). 
(c) Find the total number of lattice points, N. 


Challenge Suppose the word “rectangle” is changed to “square’’; find 
NC), N(B), and N. 


3-3 An approximate formula for a barometric reading, p(millimeters), 
for altitudes A(meters) above sea level, is p = 760 — .09h, where 
h < 500. Find the change in p corresponding to a change in A 
from 100 to 250. 


Challenge Find the lowest and the highest pressures for which this 
formula is valid. 


3-4 A student wishing to give 25 cents to each of several charities 
finds that he is 10 cents short. If, instead, he gives 20 cents to 
each of the charities, then he is left with 25 cents. Find the 
amount of money with which the student starts. 
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Challenge 1 How does the answer change if the original shortage is 
15 cents? 


Challenge 2. How does the answer change if the original shortage is 
20 cents? 


Challenge 3 How does the answer change if the original shortage 
is 25 cents? 
3-5 Find two numbers x and y such that Wy ~ and x — y are equal. 


Challenge 1 Find two numbers x and y such ae xy=— = 3(x— y). 
Challenge 2. Solve the problem for xy = ; = 2(x - hf 


3-6 A merchant on his way to the market with n bags o flour passes 
through three tollgates. At the first gate, the toll i is 3 | of his ses 
ings, but 3 bags are returned. At the second gate, ee toll i IS 3 t of 
his (new) holdings, but 2 bags are returned. At the third gate, De 
toll is ; of his (new) holdings, but | bag is returned. The merchant 
alrives at the market with exactly bags. If all transactions in- 


volve whole bags, find the value of n. 


Challenge Solve the problem if the first toll is : of the holdings, plus 
: of a bag; the second toll is 2 of his (new) holdings, 


plus = : of a bag; and the third toll i isq lof his (new) holdings, 


5 


plus u of a bag; and he arrives at the market with exactly 
4 8 


=e bags. 


3-7 The number N2 is 25% more than the number N,, the number 
N3 is 20% more than No, and the number N, is x% less than N3. 
For what value of x is N4 = N,? 


Challenge Solve the problem generally if No is a% more than Ni, 
and N3 is 6% more than No. 


3-8 Let R = px represent the revenue, R (dollars), obtained from the 
sale of x articles, each at selling price p (dollars). LetC = mx + b 
represent the total cost, C, in dollars, of producing and selling 
these x articles. How many articles must be sold to break even? 
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Challenge 1 


Challenge 2 
Challenge 3 


Challenge 4 


Challenge 5 


What must the relation be between p and m (the unit 
marketing cost) to make the result meaningful? The unit 
marketing cost is the total marketing costs divided by the 
number of units marketed. 


How do you interpret the constant 6 in the given formula? 


Find the value of x so that the revenue exceeds the cost 
by $100. 


Find the value of x so that the revenue exceeds the cost 
by D dollars. 


Find the profit if the number of articles sold is 


3-9 In a certain examination it is noted that the average mark of 
those passing is 65, while the average mark of those failing is 35. 
If the average mark of all participants is 53, what percentage of 
the participants passed? 


Challenge 1 


Challenge 2 


Try this problem with the following changes. Replace 65 
by 70, 35 by 36, but leave 53 unchanged. 


What is the result if the only change is 65 to 62? 


3-10 Under plan I, a merchant selis n,; articles, priced 1 for 2¢, with 


a profit of i¢ on each article, and ng articles, priced 2 for 3¢, 


with a profit of se on each article. Under Plan II, he mixes the 


articles and sells them at 3 for 5¢. If my + mo articles are sold 


under each plan, for what ratio - is the profit the same? 


Challenge Change 2¢ to p¢ and 3¢ to g¢ and solve the problem. 


3-11 The sum of two numbers x and y, with x > y, is 36. When x is 
divided by 4 and y is divided by 5, the sum of the quotients is 8. 
Find the numbers x and y. 


3-12 Find the values of x satisfying the equation |x — al = |x — Od, 
where a, 6 are distinct real numbers. 


Challenge 1 


Find the values of x satisfying the equation |x — 1] = 
lx — 2I. 
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Challenge 2. Find the values of x satisfying the equation |x + 1| = 


|x — 2]. 

Challenge 3. Find the values of x satisfying the equation |2x — 1| = 
[x — 2I. 

Challenge 4 Find the values of x satisfying the equation {3x — 1| = 
|x — 2]. 

Challenge 5 Find the values of x satisfying the equation |2x — 1] = 


|2x — 2I. 


Challenge 6 Find the values of x satisfying the equation |2x 
{3x — 3}. 


| 
= 
ll 


Challenge 7 Now try the more difficult equation |x — 1| + |x — 2] = 
|x — 3]. 


3-13 Two night watchmen, Smith and Jones, arrange for an evening 
together away from work. Smith is off duty every eighth evening 
starting today, while Jones is off duty every sixth evening starting 
tomorrow. In how many days from today can they get together? 


Challenge Solve the problem if Smith is off duty every eighth evening 
starting today, while Jones is off duty alternately every sixth 
evening and every thirteenth evening starting tomorrow. 


3-14 A man buys 3-cent stamps and 6-stamps, 120 in all. He pays for 
them with a $5.00 bill and receives 75 cents in change. Does he 
receive the correct change? 


Challenge 1 Would 76 cents change be correct? Would 74 cents 
change be correct? 


Challenge 2. If the correct change had to consist of 3 coins limited 
to nickels, dimes, and quarters, list the 3-coin combina- 
tions yielding an acceptable answer. 


3-15 In how many ways can a quarter be changed into dimes, nickels, 
and cents? 


Challenge Is the answer unique if it is stipulated that there are five 
times as many coins of one kind as of the other two kinds? 


3-16 Find the number of ways in which 20 U.S. coins, consisting of 
quarters, dimes, and nickels, can have a value of $3.10. 
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4 Bases: Binary and Beyond 


Prepare for a voyage to the far-out world of bases different from 
ten. The two main “stops” along the way are rational numbers in other 
bases and divisibility. You may want to read Appendix V in the back 
of the book before attacking the problems. It contains some unusual 
information on divisibility. 


4-1 Can you explain mathematically the basis for the following correct 
method of multiplying two numbers, sometimes referred to as the 
Russian Peasant Method of multiplication? 

Let us say that we are to find the product of 19 X 23. In 
successive rows, we halve the entries in the first column, rejecting 
the remainders of 1 where they occur. In the second column, we 
double each successive entry. This process continues until a 1 
appears in column I. 


We then add the entries in column II, omitting those that are 
associated with the even entries in column I. 


4-2 If x = {0,1,2,...,”,...}, find the possible terminating digits 
of x? + x in base 2. 


Challenge 1 Ifx = {0,1,2,...,n,...}, find the possible terminating 
digits of x + x + 1 in base 2. 


Challenge 2 Ifx = {0,1,2,...,m,...}, find the possible terminating 
digits of x? + x in base 5. 


Challenge 3 Ifx = {0,1,2,...,2,...}, find the possible terminating 
digits of x? + x + 1 in base 5. 


Bases: Binary and Beyond 15 


4-3 Find the base 6 such that 72, = 2(275). 72, means 72 written in 
base b. 


Challenge 1 Try the problem for 73, = 2(375). 
Challenge 2. Try the problem for 72, = 3(27.). 


4-4 In what base b is 441, the square of an integer? 


Challenge 1 If N is the base 4 equivalent of 441 written in base 10, 
find the square root of N in base 4. 


Challenge 2. Find the smallest base 6 for which 294, is the square of 
an integer. 


4-5 Let N be the three-digit number a,a2a3 written in base 6, b > 2, 
and let S = a, + a2 + a3. Prove that N — S is divisible by 
b-1. 

Challenge 1 Prove the result for the n-digit number a,a@q... ay, 
written in base b. 


Challenge 2 Explain the connection between this theorem and the 
test for divisibility by 9 in the decimal system. (See 
Appendix V.) 


Challenge 3 Show that 73 written in base 9 is not divisible by 8, while 
73 written in base 11 is divisible by 10. 


4-6 Let N be the four-digit number @9a1@2a@3 (in base 10), and let NV’ 
be the four-digit number which is any of the 24 rearrangements 
of the digits. Let D = |N — N’|. Find the largest digit that exactly 
divides D. 


Challenge 1 Does the theorem hold for five-digit numbers? Does it 
hold for n-digit numbers, where n is any natural number, 
including single-digit numbers? 


Challenge 2 Let N be the three-digit number abc with a > c. From N 
subtract the three-digit number N’ = cba. If the digit on 
the left side of the difference is 4, find the complete 
difference. 


4-7 Express in binary notation (base 2) the decimal number 6.75. 


Challenge 1 Convert the decimal number N = 19.65625 into a binary 
number. 
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Challenge 2. Does the (base 10) non-terminating expansion 5.333... 
terminate when converted into base 2? 


4-8 Assumer = {6, 7, 8,9, 10} andl < a < r. If there is exactly one 
integer value of a for which : , expressed in the base r, is a termi- 


nating r-mal, find r. 


Challenge Try the problem with 3 instead of : . 


4-9 From the unit segment OA extending from the origin O to A(I, 0), 
remove the middle third. Label the remaining segments OB and 
CA, and remove the middle third from segment OB. Label the 
first two remaining segments OD and EB. Express the coordinates 
of D, E, and B in base 3. 


Challenge Remove the middle third from segment CA, and label the 
remaining segments CF and FG. Express in base 3 the 
coordinates of C, F, and G. 


4-10 Assume that there are n stacks of tokens with n tokens in each 
stack. One and only one stack consists entirely of counterfeit 
tokens, each token weighing 0.9 ounce. If each true token weighs 
1.0 ounce, explain how to identify the counterfeit stack in one 
weighing, using a scale that gives a reading. You may remove 
tokens from any stack. 


Challenge 1 Which is the counterfeit stack if the overall deficiency is 


4 
5 ounce? 


Challenge 2 What changes should be made in the analysis and 
solution if (a) each true token weighs 1.0 ounce and each 
counterfeit weighs 1.1 ounce? (b) each true token weighs 
1.1 ounce and each counterfeit weighs 0.9 ounce? 


Challenge 3. Solve the generalized problem of n stacks with nm tokens 
each, if each true token weighs t ounces and each counter- 
feit weighs s ounces. Then apply the result to Problem 
4-10 and its challenges. 
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5 Equations, Inequations, and Pitfalls 


Equations and inequalities play a double role on the problem- 
solving stage. They may be the stars of the show if they are tricky to 
solve or especially interesting. More often, they are in the supporting 
cast, serving as the indispensable tool for expressing the data in a 
problem. Both roles are explored in this section. 

4 
x-2) x-2 


Challenge Find the values of x satisfying the equation \/x — 2 = —3. 


5-1 Find the solution set of the equation 


x— 3 


2y —7 
3 


5-2 Find the pairs of numbers x, y such that =x-—3. 


x- x—3 


Challenge Find the pairs (x, y) such that eT ly. 


5-3 Find all the real values of x such that |\/x — /2| < 1. 

Challenge Let the set of all values of x satisfying the inequalities 
[x — 8| < 6 and |x — 3| > 5 be written asa < x < 5b. 
Find 6 — a. 


5-4 Find all values of x satisfying the equation 2x = |x| + 1. 

Challenge Compare this result with that obtained by solving the 
equation 2x = —|x] + 1, and try to interpret this new 
equation geometrically. 


5-5 Find the values of a and b so that ax + 2 < 3x + 6 for all 
x <0. 
Challenge Find values of a and b so that ax + 2 > 3x + 6 for all 
x <0. 


5-6 Find all positive integers that leave a remainder of 1 when di- 
vided by 5, and leave a remainder of 2 when divided by 7. 


Challenge 1 Change the first remainder to 2, and the second re- 
mainder to 1, and solve the problem. 


Challenge 2 Solve the problem with the first remainder I < r; < 4, 
and the second remainder 1 < re < 6. 
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5-7 On a fence are sparrows and pigeons. When five sparrows leave, 
there remain two pigeons for every sparrow. Then twenty-five 
pigeons leave, and there are now three sparrows for every pigeon. 
Find the original number of sparrows. 


Challenge 1 Replace “five” by a and “twenty-five” by 5, and find 
s and p (the number of sparrows and the number of 
pigeons, respectively). 


Challenge 2 Solve the problem generally using r; and re, respectively, 
for the two ratios, and a and b as in Challenge 1. 


5-8 A swimmer at A, on one side of a straight-banked canal 250 feet 
wide, swims to a point B on the other bank, directly opposite 
to A. His steady rate of swimming is 3 ft./sec., and the canal flow 
is a steady 2 ft./sec. Find the shortest time to swim from A to B. 


5-9 Miss Jones buys x flowers for y dollars, where x and y are integers. 
As she is about to leave the clerk says, “If you buy 18 flowers 
more, I can let you have them all for six dollars. In this way you 
save 60 cents per dozen.”’ Find a set of values for x and y satisfying 
these conditions. 


Challenge Finding Miss Jones hesitant at the first offer, the clerk adds, 
“If you buy 24 flowers more, I can let you have them all 
for $6.75. In this way you save 75 cents per dozen.” Does 
the same set of values for x and y satisfy these new 
equations? 


5-10 Find the set of real values of x satisfying the equation 


x+5 x+6 x+7 x+8 


Challenge 1 After solving the problem can you find, by inspection, 
the answer to 


Challenge 2 Solve the more general problem 


x+at+il x+ta+2 x+a+3 xta+4 
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5-11 The contents of a purse are :iot revealed to us, but we are told 
that there are exactly 6 pennies and at least one nickel and one 
dime. We are further told that if the number of dimes were 
changed to the number of nickels, the number of nickels were 
changed to the number of pennies, and the number of pennies 
were changed to the number of dimes, the sum would remain un- 
changed. Find the least possible and the largest possible number 
of coins the purse contains. 


Challenge 1 How does the situation change if the number of nickels 
is 6, and the number of dimes and the number of pennies 
are unspecified, except that there must be at least one 
of each? 


Challenge 2. What solution is obtained if the number of dimes is 6, 
but the nickels and pennies are unspecified? 


Challenge 3 Explain why, in the original problem, the least number 
of coins yields the greatest value, whereas in Challenges 1 
and 2 the least number of coins yields the smallest value. 


Challenge 4 Investigate the problem if there are exactly 6 pennies, 
and at least one nickel, one dime, and one quarter. 


5-12 A shopper budgets twenty cents for twenty hardware items. 
Item A is priced at 4 cents each, item B, at 4 for | cent, and item C, 
at 2 for 1 cent. Find all the possible combinations of 20 items made 
up of items A, B, and C that are purchasable. 


§-13 Partition 75 into four positive integers a, b, c, d such that the 
results are the same when 4 is added to a, subtracted from ), 
multiplied by c, and divided into d. To partition a positive integer 
is to represent the integer as a sum of positive integers. 


Challenge 1 Partition 48 into four parts a, b, c, d such that the results 
are the same when 3 is added to a, subtracted from 5, 
multiplied by c, and divided by d. 


Challenge 2 Partition 100 into five parts a, b, c, d, e so that the results 
are the same when 2 is added to a, 2 is subtracted from b, 
2 is multiplied by c, 2 is divided by d, and the positive 
square root is taken of e. 
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§-14 Two trains, each traveling uniformly at 50 m.p.h., start toward 
each other, at the same time, from stations A and B, 10 miles 
apart. Simultaneously, a bee starts from station A, flying parallel 
to the track at the uniform speed of 70 m.p.h., toward the train 
from station B. Upon reaching the train it comes to rest, and allows 
itself to be transported back to the point where the trains pass 
each other. Find the total distance traveled by the bee. 


5-15 One hour out of the station, the locomotive of a freight train 
develops trouble that slows its speed to ; of its average speed 


up to the time of the failure. Continuing at this reduced speed 
it reaches its destination two hours late. Had the trouble occurred 
50 miles beyond, the delay would have been reduced by 40 
minutes, Find the distance from the station to the destination. 


5-16 Two trains, one 350 feet long, the other 450 feet long, on parallel 
tracks, can pass each other completely in 8 seconds when moving 
in opposite directions. When moving in the same direction, the 
faster train completely passes the slower one in 16 seconds. Find 
the speed of the slower train. 


Challenge 1 Show that, if the respective times are t; and tg with 
to > ¢,, the results are 


800(t2 + £1) _ 800(t2 — 41) 
2tet; and s = 2tetr 


f= 


Challenge 2 Show that, if the respective times are ft; and f2 with 
te > f1, and the respective lengths are L; and Lo, the 
results are 


_ Gi + Lote + ty) _— Ei + Le\lte — th). 
f= tet and 5 = Qteats 


Use this formula to solve the original problem. 


5-17 The equation 5(x — 2) = 2 (x + 2) is written throughout in 


base 9. Solve for x, expressing its values in base 10. 


5-18 Find the two prime factors of 25,199 if one factor is about twice 
the other. 
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Challenge Find the three prime factors of 27,931 if the three factors 


are approximately in the ratio 1:2:3. 


5-19 When asked the time of the day, a problem-posing professor 
answered, “If you add one-eighth of the time from noon until 
now to one-quarter the time from now until noon tomorrow, you 
get the time exactly.” What time was it? 


Challenge 1 


Challenge 2 


Challenge 3 


§-20 Solve E 
x 


On another occasion the professor said, “If from the 
present time, you subtract one-sixth of the time from now 
until noon tomorrow, you get exactly one-third of the 
time from noon until now.” Find the present time. 


If, as the result of daylight-saving time confusion, the 
professor’s watch is one hour fast, find the change needed 
in the original statement ‘‘one-eighth of the time from 
noon until now” to yield the answer 5:20 P.M. true time. 


One day the professor forgot his watch. A colleague, of 
whom he asked the time, in an attempt to cure the pro- 
fessor of his mannerism, replied, “If you subtract two- 
thirds the time from now until noon tomorrow from 
twice the time from noon to now, you get the time short 
by ten minutes.” 


Do you agree with the professor that it was 9:30 P.M.? 


+ 


1 1 ‘ 
ig for integer values of x, y, and z. 


§-21 Prove that, for the same set of integral values of x and y, both 
3x + y and 5x + 6y are divisible by 13. 
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6 Correspondence: Functionaliy 
Speaking 


Finding a particular value of a function or its range of values is 
ordinarily a routine task. But not for the functions considered in this 
section. In addition to functions defined algebraically, there are 
functions defined in terms of geometric ideas such as paths along a 
coordinate grid and partitions of the plane by families of lines. 


6-1 Define the symbol f(a) to mean the value of a function f of a 
variable n when n = a. If f(l) = 1 and f(x) = n+ f(n — 1) 
for all natural numbers n > 2, find the value of /(6). 


Challenge 1 Find (8) by using the method of ‘‘telescopic”’ addition 
and, if possible, by using a short cut (see Challenge 2). 
Challenge 2 Show that f(n) = 5n(n + 1). 


Challenge 3. Find the value of f(10); of £(100). 
Challenge 4 Find the value of n such that f(n) = 3f(5). 
Challenge 5 Find the value of » such that f(4n) = 12f(n). 


6-2 Each of the following (partial) tables has a function rule associ- 
ating a value of n with its corresponding value f(n). If f(1) = 
An + B, determine for each case the numerical values of A 
and B. 


@nlfm) Orn fm ©xzAfM @rlf~m © Alf@ 


1) 1 1] 3 1 

| i ae (ea “al? 
1} 2 1} 4 1] 1 1] ,l 
aie. ala <31G oe a 
3] 2 2| 7 1} 1 1 
3} 5554] 2 Va 
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6-3 In a given right triangle, the perimeter is 30 and the sum of the 
squares of the sides is 338. Find the lengths of the three sides. 


Challenge Redo the problem using an area of 30 in place of the 
perimeter of 30. 


6-4 A rectangular board is to be constructed to the following speci- 
fications: 


(a) the perimeter is equal to or greater than 12 inches, but less 
than 20 inches 


(b) the ratio of adjacent sides is greater than 1 but less than 2. 
Find all sets of integral dimensions satisfying these specifications. 


x2 


6-5 Find the range of values of F = Tea for real values of x. 
Challenge Find the largest and the least values of f = aed for 


x> 0. 


6-6 Determine the largest possible value of the function x + 4y 
under the four conditions: (1) 5x + 6y < 30 (2) 3x + 2y < 12 
Bx20@My2 0. 


6-7 Let us define the distance from the origin O to point A as the 
length of the path along the coordinate lines, as shown in Fig. 6-7, 
so that the distance from O to A is 3. 
Starting at O, how many points can you reach if the distance, 
as here defined, is m, where m is a positive integer? 
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6-8 Given n straight lines in a plane such that each line is infinite in 
extent in both directions, no two lines are parallel (fail to meet), 
and no three lines are concurrent (meet in one point), into how 
many regions do the n lines separate the plane? 


Challenge 1 


Challenge 2 


Challenge 3 


Challenge 4 


Challenge 5 


Let there be n = r+ k lines in the plane (infinite in 
both directions) such that no three of the ” lines are 
concurrent, but k lines are parallel (but no others). 
Find the number of partitions of the plane. 


Let there be nm straight lines in the plane (infinite in both 
directions) such that three (and only three) are concurrent 
and such that no two are parallel. Find the number of 
plane separations. 


A set of k, parallel lines in the plane is intersected by 
another set of kz parallel lines, all infinite in extent. Find 
the number of plane separations. 


In Challenge 3, introduce an additional line not parallel 
to any of the given lines, and not passing through any of 
the kik2 points of intersection. How many additional 
regions are created by this plane? What is the total 
number of plane separations? 


In a given plane, let there be » straight lines, infinite in 
extent, four of which, and only four, are concurrent and 
no two of which are parallel. Find the number of planar 
regions. 


6-9 Define * as a proper fraction when af < 1 with N, D natural 


numbers. Let f(D) be the number of irreducible proper fractions 
with denominator D. Find f(D) for D = 51. 


Challenge Find f(D) for D = 52. 
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7 Equations and Inequations: 
Traveling in Groups 


In one way or another, the problems in this section concern systems 
of equations or inequalities (or both!). Two unusual topics included 
are the notion of an approximate solution for an inconsistent system 
of equations and linear programming. 


7-1 Let the lines 15x + 20y = —2 and x — y = —2 intersect in 
point P. Find all values of k which ensure that the line 2x + 
3y = k? goes through point P. 


7-2 Let (x, y) be the coordinates of point P in the xy-plane, and let 
(X, Y) be the coordinates of point Q@ (the image of point P) in 
the XY-plane. If ¥ = x + y and Y = x — y, find the simplest 
equation for the set of points in the X Y-plane which is the image 
of the set of points x? + y? = 1 in the xy-plane. 


7-3 The numerator and the denominator of a fraction are integers 
differing by 16. Find the fraction if its value is more than 9 but 
less than ES 


74If xty+2z=k, x+2y+2z2=k, and 2x+y+2z=k, 
k # 0, express x? + y? + z? in terms of k. 


Challenge 1 Solve the problem if x + 2y + 3z = k,3x + y+ 2z=k, 
and 2x + 3y+z=k,k#0. 


Challenge 2 Show that both the problem and Challenge 1 can be 
solved by inspection. 


7-5 Why are there no integer solutions of x? — 5y = 27? 


7-6 Civic Town has 500 voters, all of whom vote on two issues in a 
referendum. The first issue shows 375 in favor, and the second 
issue shows 275 in favor. If there are exactly 40 votes against both 
issues, find the number of votes in favor of both issues. 
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7-7 How do you find the true weight of an article on a balance scale 
in which the two arms (distances from the pans to the point of 
support) are unequal? 


Challenge Suppose it is known that the arms of a balance scale are 
unequal; how do you determine the ratio r of the arm 
lengths? 


7-8 Solve in base 7 the pair of equations 2x — 4y = 33 and 3x + 
y = 31, where x, y, and the coefficients are in base 7. 


7-9 Given the pair of equations 2x — 3y = 13 and 3x + 2y = 5, 
where b is an integer and 1 < b < 100, let n? = x + y, where 
x and y are integer solutions of the given equations associated in 
proper pairs. Find the positive values of n for which these condi- 
tions are met. 


7-10 Find the set of integer pairs satisfying the system 
3x + 4y = 32 
yor 
3 
y< 3 
7-11 Compare the solution of system I, 


x+y4t+z=15 
2x —ytz 
x—2y—z= —0.2, 


Hl 
© 
0 


with that of system II, 


xtytz=15 
2x —-y+z= 09 
x — 2y—z= —0.2. 


7-12 The following information was obtained by measurement in a 
series of experiments: 


x+ty=19 
2x —y = 1.4 
x—2y = —0.6 
x—y= 03. 


Find an approximate solution to this system of equations. 


7-13 


7-14 
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Find the maximum and the minimum values of the function 
3x — y+ 5, subject to the restrictions y > 1, x < y, and 
2x —3y+62>0. 


A buyer wishes to order 100 articles of three types of merchandise 
identified as A, B, and C, each costing $5, $6, and $7, respectively. 
From past experience, he knows that the number of each article 
bought should not be less than 10 nor more than 60, and that 
the number of B articles should not exceed the number of A 
articles by more than 30. If the selling prices for the articles are 
$10 for A, $15 for B, and $20 for C, and all the articles are sold, 
find the number of each article to be bought so that there is a 
maximum profit. 


8 Miscellaneous: Curiosity Cases 


The mixed bag of problems in this final section unites several 
themes from earlier sections. Many problems deal with topics con- 
sidered before. More important, the solutions involve techniques that 
have been illustrated in previous sections. 


8-1 


8-2 


é aS icie's - x—~vxti il 
Find all values of x satisfying the equation Swen oS. 


Find all real values of x satisfying the equations: 


(a) x*|x| = 8 
(b) x|x?| = 8, where the symbol |x| means +x when x > 0, 
and —x when x < 0. 


Challenge Replace +8 by —8 in each equation and find the real 


8-3 


values of x satisfying the new equations. 


Let P(x, y) be a point on the graph of y = x + 5. Connect P 
with Q(7, 0). Let a perpendicular from P to the x-axis intersect 
it in R. Restricting the abscissa of P to values between 0 and 7, 
both included, find: 

(a) the maximum area of right triangle PRQ 

(b) two positions of P yielding equal areas. 
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8-4 Find the smallest value of x satisfying the conditions: x? + 
2x? = a, where x is an odd integer, and a is the square of an 
integer. 


Challenge 1 Change ‘‘odd integer” to “‘even integer greater than 2,” 
and solve the problem. 


Challenge 2. Change x* + 2x? to x? — 2x?, and then solve the 
problem. 


Challenge 3. In Challenge 1 change x? + 2x? to x? — 2x? and solve 
the problem. 


3x — 5 A 


B.. ss 
8-5 Ifa = x-1t x 41 3S true for all permissible values of x, 


find the numerical value of A + B. 


Challenge Solve the problem with B as the first numerator on the 
right-hand side of the equation, and A as the second 
numerator. 


8-6 For what integral values of x and p is (x? — x + 3)\(2p + I) an 
odd number? 


Challenge Solve the problem using (x? + x + 3)(2p — 1). 


8-7 Express the simplest relation between a, b, and c, not all equal, 
if a? — be = 6? — ca = c? — ab. 


Challenge Solve the problem for a? + be = 6? + ca = c* + ab. 


8-8 Find the two linear factors with integral coefficients of P(x, y) = 
x? — 2y? — xy — x — y, or show that there are no such factors. 


Challenge 1 Change P(x, y) to x? — 2y? — xy — 2x — Sy — 3, and 
find the linear factors with integral coefficients. 

Challenge 2 Change P(x, y) to x? — 2y? — xy — 2x — Sy + 3, and 
show that linear factors with integral coefficients do not 
exist. 


8-9 Find the sum of the digits of (100,000 + 10,000 + 1000 + 
100 + 10 + 1)”. 
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8-10 How do you invert a fraction, using the operation of addition? 


8-11 How do you generate the squares of integers from pairs of con- 
secutive integers? 


8-12 Is there an integer N such that N* = 9k + 2, where k is an 
integer? 


Challenge Is there an integer N such that N? = 9k + 8? 


8-13 Let S, = 1* + 2% + 3” 4 4", and let S$} =14+24+3+4= 
10. Show that S, is a multiple of S, for all natural numbers a, 
except n = 4k, where k = 0,1,2,.... 


8-14 A positive integer N is squared to yield N,, and N, is squared 
to yield Nz. When Ne is multiplied by N the result is a seven- 
digit number ending in 7. Find N. 


8-15 Let f = mx + ny, where m, n are fixed positive integers, and x, y 
are positive numbers such that xy is a fixed constant. Find the 
minimum value of /. 
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SECTION II 
Second Year Algebra 


9 Diophantine Equations: 
The Whole Answer 


An equation with two or more variables whose values are restricted 
to integers is known as a Diophantine equation after Diophantus of 
Alexandria, who studied them about 1800 years ago. They may arise 
in describing situations involving objects that occur only in integral 
quantities. Some of the problems here, for example, concern people, 
coins, or pieces of merchandise. A solution of a Diophantine equation 
is an ordered pair (or triple, or quadruple, etc.) of integers. When 
solutions exist, there are generally an infinite number of them. If 
further restrictions are imposed on the values of the variables, such as 
that they must be positive or less than a certain integer, there may be 
a finite number of solutions or even just one. 


9-1 A shopkeeper orders 19 large and 3 small packets of marbles, all 
alike. When they arrive at the shop, he finds the packets broken 
open with all the marbles loose in the container. Can you help 
the shopkeeper make new packets with the proper number of 
marbles in each, if the total number of marbles is 224? 


Challenge Redo the problem with 19 small packets and 3 large packets. 


9-2 Find the integral solutions of 6x + IS5y = 23. 
Challenge 1 Solve in positive integers 13x + 2ly = 261. 


Chalienge 2 Show that there are no positive integral solutions of 
17x + i5y = 5 but that 17x — 15y = 5 has infinitely 
many positive integral solutions. 


9-3 
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A picnic group transported in m buses (where n > 1 and not 
prime) to a railroad station, together with 7 persons already 
waiting at the station, distribute themselves equally in 14 railroad 
cars. Each bus, nearly filled to its capacity of 52 persons, carried 
the same number of persons. Assuming that the number of 
picnickers is the smallest possible for the given conditions, find 
the number of persons in each railroad car. 


Challenge Solve the problem with the following changes: 


9-4 


(a) 11 persons are waiting at the station instead of 7. 

(b) There are 22 railroad cars and each of 21 cars has the 
same number of persons, but in the 22nd car there are 
10 vacant seats. 


Find the number of ways that change can be made of $1.00 with 
50 coins (U.S.). 


Challenge Solve the problem restricting the change to dimes, nickels, 


9-5 


and cents. 


Let x be a member of the set {1, 2, 3, 4, 5, 6, 7}, y, a member of 
the set {8, 9, 10, 11, 12, 13, 14}, and z, a member of the set 
{15, 16, 17, 18, 19, 20, 21}. If a solution of x + y + z = 33 
is defined as a triplet of integers, one each for x, y, and z taken 
from their respective sets, find the number of solutions. 


Challenge Solve the problem for x + y + z = 31. 


9-6 


9-7 


9-8 


Ri, Re, and Rz are three rectangles of equal area. The length of 
R, is 12 inches more than its width, the length of Rz is 32 inches 
more than its width, and the length of R3 is 44 inches more than 
its width. If all dimensions are integers, find them. 


Given x? = y + aand y? = x + a where ais a positive integer, 
find expressions for @ that yield integer solutions for x and y. 


A merchant has six barrels with capacities of 15, 16, 18, 19, 20, 
and 31 gallons. One barrel contains liquid B, which he keeps for 
himself, the other five contain liquid A, which he sells to two men 
so that the quantities sold are in the ratio 1:2. If none of the 
barrels is opened, find the capacity of the barrel containing 
liquid B. 
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9-9 Find the number of ordered pairs of integer solutions (x, y) of 
the equation 1 + ; = > Pp 4 positive integer. 


9-10 Express in terms of A the number of solutions in positive integers 
of x + y+ z= A where A is a positive integer greater than 3. 


9-11 Solve in integers ax + by = c where a, b, and c are integers, 
a<b,and1<ce< 8, with a and b relatively prime. 


10 Functions: A Correspondence Course 


A number of “‘advanced” ideas concerning functions will be en- 
countered in this section. Among them are recursive definitions, limits 
of functions, and composite functions. A few strange exponential 
functions make an appearance, as do some unusual symmetric func- 
tions. The notions of variation and continued fractions complete the 
cast of characters. 


10-1 Let f be defined as f(3n) = n + fn — 3) when zn is a positive 
integer greater than 1, and {(3n) = 1 when vn = 1. Find the 
value of (12). 


Challenge Define f to be such that f(3n) = n? + f(3n — 3). Find 
f(15). 


10-2 If f is such that f(x) = 1 — f(x — 1), express f(x + 1) in 
terms of f(x — 1). 


Challenge 1 Does the constant function f = 
conditions? 


; satisfy these 


Challenge 2 Express f(x + 2) in terms of f(x — 1). 
Challenge 3. Express f(x + n) in terms of f(x — 1). 


Functions: A Correspondence Course 33 


10-3 Let f = ax + b, g = cx + d, x a real number, a, b, c, d real 
constants. (a) Find relations between the coefficients so that 
f(g) is identically equal to x; that is, f(g) =x, and (b) show 
that, when f(g) = x, f(g) implies g(f). 

Challenge 1 Prove that the results are the same for f = ax — b and 

g=cx—d. 

Challenge 2 Solve the problem for f = ax + b and g = cx — d. 


10-4 If f(x) = —x"(x — 1)”, find f(x?) + SOO 4+ D. 
Challenge Find f(x*) + f(x”)f(x? + 1) by inspection. 


10-5 The density d of a fly population varies directly as the population 
N, and inversely as the volume V of usable free space. It is also 
determined experimentally that the density for a maximum 
population varies directly as V. Express N (maximum) in terms 
of V. 


Challenge Solve the problem if the density for a maximum population 
varies directly as \/V. 


10-6 Given the four elementary symmetric functions f1 = x; + x2 + 
X3 + Xa, fo = X1Xe + XoXg + XBX—q + X41, fg = X1X0Xg + 

1 
X_XgXq + XgxX4xXy + X4X1%X0, fi 4 = X1X2X3X4, Express FS = S + 


1 1 | ee 
ee ee tn terms of fi, fo, fs, fa- 


X2 
Challenge Let g, = x1 + Xo + X3, Bo = X1Xe + XexX3 + X3X1, 


1 1 Ds, 
83 = X1XeX3. Express T = x2 + Par, + x. in terms of 


x 
81; 82, 83- 
10-7 Let f(n) = n(n + 1) where nis a natural number. Find the values 
of m and n such that 4f(n) = f(m) where m is a natural number. 
Chaltenge 1 Try the problem with 2f/(1) = f(m). 
Challenge 2 Try the problem with 5f() = f(m). 


10-8 Find the positive real values of x such that x*? = (x). 


Challenge For which positive values of x is x*” > (x*)*, and for 
which positive values of x is x@? < (x*)*? 
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10-9 If x = 34+ -— and y=34+—, find the value of 
3 


+= 3+— 
x 341 
y 


|x — yl. 
Challenge Express : tv 
problem 10-10. 
10-10 Assuming that the infinite continued fraction 


as an (infinite) continued fraction. See 


2 


—— 


2+ 5 — 


represents a finite value x, find x. (Technically, we say the infinite 
continued fraction converges to the value x.) 


Challenge 1 Assuming convergence, find 


eas eer es 
a Oe 
Challenge 2 Assuming convergence, find y = 1 + u i 
1 ee ri 1 


i f=-. 


10-11 Find iim F;; that is, the limiting value of F as A becomes arbitrarily 


close 7 zero where F = more h # 0. 
Challenge 1 Find lim G where G = —————_—~ aaa »A# 0. 
40 
Challenge 2. Find lim H where H = Mere h# 0. 
h—-0 
Challenge 3. Find lim X where X = ZT4—V*_ 4 we 0, 
h—0 
10-12 Find the limiting value of F = ae x * 1, where a is a 
positive integer, as x assumes values arbitrarily close to 1; that 
is, find lim F. 
az—l 


— 2" 
in terms of n, that is, the 


10-13 If n is a real number, find lim * =3 


» asx las arbitrarily close to 2. 


— 2" 
limiting value of = “> 
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Challenge On the basis of the results obtained here and in Problem 

x 3% - x = as 
3 and lim ; 

a Ia x—@G 


10-12 find, by inspection, lim 
z—3 


x 


where a is a positive integer. 


10-14 A function f is defined as 


f = aed = 1, 
~ (2x — 1 + f(x — 1), when x > 2, x an integer. 


Express f as the simplest possible polynomial. 
Challenge 1 Solve the problem for 


= alone = 0, 
i 2x + 1+ f(x — 1, when x > 1, x an integer. 


Challenge 2 Solve the problem for 


= aio gree ts 
f= 2x — 1+ f(x — 1), when x > 1, x an integer. 


11 Inequalities, More or Less 


As a major means for expressing mathematical comparisons, 
inequalities have become a key tool in modern mathematics. Several 
problems in this section involve comparing the size of two numbers, 
while others call for solving a tricky inequality. Various applications of 
inequalities are made in the remaining problems. 


11-1 Let P = G — 1\G — 1)(4 — 1), where a, b, c are positive 


numbers such that a + 6+ c = 1. Find the largest integer N 
such that P > N. 


11-2 Find the pair of least positive integers x and y such that llx — 
I3y = 1 and x + y > 50. 


Challenge 1 Replace x + y > 50 by x+y > 59 and solve the 
problem. 
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Challenge 2 Replace x + y > 50 by x+y > 59 and solve the 
problem. 


11-3 Is the following set of inequalities consistent? (Consider three 
inequalities at a time.) 


PV SR 3, HX =— FSG RSH. —~ S72 


11-4 Find the set of values for x such that x® + 1 > x? 4+ x. 
Challenge Find the set of values of x such that x? — 1 > x? — x. 


11-5 Consider a triangle whose sides a, 6, c have integral lengths such 
thate < bandb<a.Ifa+6+c¢ = 13 (inches), find all the 
possible distinct combinations of a, 6, and c. 


Challenge Change the perimeter from 13 to 15 (inches) and solve the 
problem. 


11-6 A teen-age boy is now nm times as old as his sister, where n > 34 : 
In 3 years he will be n — 1 times as old as she will be then. If 
the sister’s age, in years, is integral, find the present age of the boy. 


Challenge Solve the problem when 3 < n < 4. 


11-7 Express the maximum value of A in terms of 7 so that the follow- 
ing inequality holds for any positive integer n. 
os a 1 1 1 
x” $x"? 4 x” ide ees ea ee Abe 


x 


11-8 Find the set R, = {x|x? + (x? — 1)? > |2x(x? — Ij}, and 
the set Ro = {x| x? + (x? — 1)? < [2x(x? — 1}. 


Challenge Replace x? + (x? — 1)? by x? + (x — 1)? and 2x(x? — 1) 
by 2x(x — 1) and solve the problem. 


13 °5 99 1 
11-9 Show that F = 5°4°&***ig9 < oi’ 
2 4 6 100 101 
Challenge Show that P = 3 3°7 “Tor > “ior 


11-10 Which is larger ~/9! or +/10! ? Be careful! 
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11-11 If x is positive, how large must x be so that x? + x — x shall 
differ from } by less than 0.02? 


Challenge Solve the problem with 0.02 replaced by 0.01. 


11-12 Find a rational approximation 7 to 2 such that -z < 
Vi — ™ < © where n< 8. 


11-13 Find the least value of (a; + a2 + a3 + as + = + = + + 
where each a;, i = 1, 2, 3, 4, is positive. 
Challenge 1 When are the factors equal? 


Challenge 2 Verify the theorem for a; = ag = °** = @n_, = 1 and 
ay = 2. 


12 Number Theory: Divide and Conquer 


Though many exotic branches of mathematics have flowered since 
the turn of the century, some of the deepest mathematical research in 
progress today concerns that oldtimer, number theory. The problems 
in this section convey the flavor of this persistently vital subject. They 
deal with such topics as divisibility, factorization, number bases, and 
congruence. 


12-1 Let N, = .888..., written in base 9, and let No = .888..., 
written in base 10. Find the value of N; — Ne in base 9. 

Challenge 1 Express N; — Ne in base 10. 

Challenge 2 Express N; — Ne in base 12. 


12-2 Solve x? — 2x + 2 =0 (mod 5). 
Challenge 1 Solve x? — 2x + 2=0 (mod 10). 
Challenge 2 Solve x? — 2x + 2 =0 (mod 17). 
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12-3 Find the positive digit divisors, other than 1, of N = 664,512 
written in base 9. 


Challenge Is N = 664,426 written in base 8 divisible by 7? 


12-4 Find all the positive integral values of n for which n* + 4 is a 
prime number. 


Challenge Solve the problem for n* + n? + 1. 


12-5 Let B, = x* — land let B, = x’ — 1 witha, b positive integers. 
If B, = x” — 1 is the binomial of highest degree dividing each 
of B, and B,, how is y related to a and 6? 


Challenge Does the result hold for x* + 1 and x? + 1? 


12-6 If f(x) = xt + 3x* + 9x? 4+ 12x 4+ 20, and g(x) = x4 + 
3x3 + 4x? — 3x — 5, find the functions a(x), b(x) of smallest 
degree such that a(x) f(x) + b(x)g(x) = 0. 


12-7 Find the smallest positive integral value of k such that kt +4 1 
is a triangular number when # is a triangular number. (See 
Appendix VII.) 


12-8 Express the decimal .3 in base 7. 
Challenge 1 Express the decimal .4 in base 7. 
Challenge 2. Express the decimal .5 in base 7. 


12-9 The following excerpt comes from Lewis Carroll’s Alice’s Ad- 
ventures in Wonderland. 

“Let me see: four times five is twelve, and four times six is 
thirteen, and four times seven is—oh dear! I shall never get to 
twenty at that rate!” 

Do you agree or disagree with the author? 

12-10 Show that, if 2? + b? = c?, a, b, c integers, then P = abc is 
divisible by 60 = 3-4-5. 


12-11 Find the integer values of x between —10 and +15 such that 
P = 3x3 + 7x? is the square of an integer. 


Challenge What is the least value of x > 15 satisfying the given 
conditions? 
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12-12 Find the geometric mean of the positive divisors of the natural 
number n. (See Appendix IV.) 


12-13 Show thatifP = 1-2-3----nmandS=1+2+3+4+---+4, 
na natural number, then S exactly divides P if n is odd. 


12-14 By shifting the initial digit 6 of the positive integer N to the end, 
we obtain a number equal to iN. Find the smallest possitle 
value of N that satisfies the conditions. 


Challenge Solve the problem with initial digit 8. 
12-15 Find the two-digit number N (base 10) such that when it is 


divided by 4 the remainder is zero, and such that all of its positive 
integral powers end in the same two digits as the number. 


12-16 Find a base 5 such that the number 321, (written in base 8) is the 
square of an integer written in base 10. 


Challenge Find a base b such that 123, is the cube of an integer written 


in base 10. 
a—ble-d)_ Gr oO. 
12-17 If Gana) = ~ 3° 894 Gone raw 
(atb)e+d _ _ 5 (e—c) 6—4) | 
Challenge If (6+e)(dt+a) 3° find (a+b) (c+) 


12-18 Solve x(x + 1)(x + 2)(x + 3) + 1 = y? for integer values of 
xand y. 


Challenge Solve (x + 1)(x + 2)(x + 3)(x + 4) + 1 = y? for integer 
values of x and y. 


12-19 Factor x* — 6x3 + 9x? + 100 into quadratic factors with in- 
tegral coefficients. 
Challenge Find the quadratic factors with integral coefficients of 
x? — 10x? + 10x? — 41x — 20. 


12-20 Express (a? + b”)(c? + d?) as the sum of the squares of two 
binomials in four ways. 
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12-21 Observe that 1234 is not divisible by 11, but a rearrangement 
(permutation) of the digits such as 1243 is divisible by 11. Find 
the total number of permutations that are divisible by 11. 


Challenge Find the total number of permutations of N = 12345 that 
are divisible by 11. 


12-22 Find all integers N with initial (leftmost) digit 6 with the property 
that, when the initial digit is deleted, the resulting number is Pe 
of the original number N. 


Challenge Solve the problem with initial digit 9. 


12-23 Find the largest positive integer that exactly divides N = 11*+? 4 
1274+! where k = 0,1,2,.... 


Challenge 1 Find the largest positive integer exactly dividing N = 
Pet? 4 gtk+] where k = 0,1,2,.... 


Challenge 2. Show in general terms that N = A**+? + (4 + 17+}, 
where k = 0, 1,2,..., is divisible by (A + 1)? — A. 


12-24 For which positive integral values of x, if any, is the equation 
x® = 9k + 1, where k = 0,1,2,..., not satisfied? 


12-25 If n, A, B, and C are positive integers, and A” — B® — C” is 
divisible by BC, express A in terms of B and C (free of 7). 


12-26 Prove that if ad = bc, then P = ax® + bx* ++ cx +d,ax 0, 


is divisible by x? + A?, where h? = £ = 2. 


Challenge ‘Try to prove the converse of this theorem. 


12-27 Let R be the sum of the reciprocals of all positive factors, used 
once, of N, including | and N, where N = 2?—'(2? — 1), with 
2? — 1 a prime number. Find the value of R. 


12-28 Note that 180 = 32-20 = 37- 22-5 can be written as the sum 
of two squares of integers, namely, 36 + 144 = 6? + 127, but 
that 54 = 37-6 = 37- 2-3 cannot be so expressed. If a, 6 are 
integers, find the nature of the factor 6 such that a?- 6 is the 
sum of two squares of integers. 
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12-29 Show that b — 1 divides b°-? + b-34+---+5+41, and 
thus show that b? — 2b + 1 divides b°—! — 1. 


13 Maxima and Minima: 
Ups and Downs 


Since ancient times, mathematicians have been continually fas- 
cinated by the idea of maximizing and minimizing mathematical ob- 
jects or quantities. There seems to be something especially irresistible 
about the challenge of finding the largest rectangle that can be in- 
scribed in a certain triangle or the smallest value of a certain function. 
You will find a good cross-section of typical maximum-minimum 
problems here. 


13-1 The perimeter of a sector of a circle is 12 (units). Find the radius 
so that the area of the sector is a maximum. 


Challenge Solve the problem for perimeter P. 


13-2 The seating capacity of an auditorium is 600. For a certain per- 
formance, with the auditorium not filled to capacity, the receipts 
were $330.00. Admission prices were 75¢ for adults and 25¢ for 
children. If a represents the number of adults at the performance, 
find the minimum value of a satisfying the given conditions. 


Challenge 1 Find the value of c for a = 361, where c represents the 
number of children. 


Challenge 2. Find the value of c fora = 360 + k&, k = 1,2,3,.... 


13-3 When the admission price to a ball game is 50 cents, 10,000 
persons attend. For every increase of 5 cents in the admission 
price, 200 fewer (than the 10,000) attend. Find the admission 
price that yields the largest income. 


Challenge 1 How many attend when the admission price is $1.50? 


Chalienge 2. Find the maximum income. 
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Challenge 3 Find the admission price yielding the largest income if, 
in addition to the conditions stated in the original prob- 
lem, there is an additional expense of one dollar for every 
100 persons in attendance. 


13-4 A rectangle is inscribed in an isosceles triangle with base 25 
(inches) and height / (inches), with one side of the rectangle 
lying in the base of the triangle. Let T (square inches) be the area 
of the triangle, and R,, the area of the largest rectangle so 
inscribed. Find the ratio Ry :T. 


Challenge Change isosceles triangle to scalene triangle with base 2b 
and corresponding altitude A, and solve the problem. 


13-5 It can be proved that the function f(y) = ay — y> (where 
b> 1, a> 0, and y > 0) takes its largest value when y = 


1 
(Fei . Use this theorem to find the maximum value of the func- 


tion F = sin x sin 2x. 


13-6 In the woods 12 miles north of a point B on an east-west road, a 
house is located at point A. A power line is to be built to 4 from 
a station at E on the road, 5 miles east of B. The line is to be built 
either directly from E to A or along the road to a point P (between 
E and B), and then through the woods from P to A, whichever is 
cheaper. If it costs twice as much per mile building through the 
woods as it does building along the highway, find the location 
of point P with respect to point B for the cheapest construction. 


13-7 From a rectangular cardboard 12 by 14, an isosceles trapezoid 
and a square, of side length s, are removed so that their combined 
area is a maximum. Find the value of s. 


Challenge Find the value of s for a combined area that is minimum. 
13-8 Two equilateral triangles are to be constructed from a line seg- 
ment of length ZL. Determine their perimeters P, and P2 so that 


(a) the combined area is a maximum (b) the combined area is a 
minimum. 


Challenge Verify that the maximum area is twice the minimum area. 


13-9 Find the least value of x* + y* subject to the restriction x? + 
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Challenge Find the least value of x? + y* subject to the restriction 
x+typ=e. 


13-10 Find the value of x such that S = (x — ky)? + (x — k2)? + 
+++ + (x — k,)? is a minimum where each k;, i = 1,2,...,7, 
is a constant. 


13-11 If |x| < c and |x — x,| < 1, find the greatest possible value of 
[x17 — x3]. 


13-12 Show that the maximum value of F = » where a, b 


i 
4a + bP 


ws - 1 
are positive numbers, is 16" 


13-13 Find the area of the largest trapezoid that can be inscribed in a 
semicircle of radius r. 


14 Quadratic Equations: Fair and Square 


Two themes can be traced in this section. There are problems whose 
solution calls for solving a quadratic equation at some point. The 
other problems concern a variety of relationships between the roots 
(solutions) and coefficients of quadratic equations beyond the sum and 
product relationships usually studied in high school algebra. 


14-1 Find the real values of x such that 32*7~72+3 = 47?-=—6, 
Challenge 1 Solve the problem for 3?77—72+3 = 67?-7—§, 
Challenge 2 Solve the problem for 4777—7#+3 = g7?-=—8, 
14-2 Let D = h? + 3k? — 2hk, where h, k are real numbers. For 
what values of h and k is D > 0? 
Challenge If D = h? — 3k? + 2hk with A and k real numbers, find 
the values of 4 and k for which (a) D > 0 (b) D < 0. 


14-3 If the roots of x? + bx + c = O are the squares of the roots of 
x? + x +1 = 0, find the values of b and c. 


44 PROBLEMS 


Challenge Solve the problem so that the roots of x? + bx +c =0 
are the cubes of the roots of x? + x+1=0. 


14-4 If the roots of ax? + bx + c = 0, a ¥ 0, are in the ratio m:n, 
find an expression relating m and n to a, b, and c. 


14-5 Find all values of x satisfying the pair of equations 
x? — px+20=0, x?—20x+p=0. 


14-6 A student, required to solve the equation x? + bx +c = 0, 
inadvertently solves the equation x? + cx ++ 6 = 0; 6b, c in- 
tegers. One of the roots obtained is the same as a root of the 
original equation, but the second root is m less than the second 
root of the original equation. Find 6 and c in terms of m. 


14-7 If r; and ro are the roots of x? + bx+c =U, and Sp = 
1? + an S; =r, + fe, and So = r;° + r2°, prove that 
So + bS; + cSo = 0. 


Challenge Find the relation between the roots r;, re, and rz and the 
coefficients of a cubic equation x? + bx? + cx +d=0, 
and then determine the value of S3 + 5S2 + cS; + dSo 
where S3 = 71° + re? + 73°, So = 71? + re? +737, Si = 
ryt re +73, So = 1° + 72° + 73°. 

HINT: Let (x — r1)(xX — re)(x — 73) = x2 + bx? +ex 4+. 


14-8 A man sells a refrigerator for $171, gaining on the sale as many 
percent (based on the cost) as the refrigerator cost, C, in dollars. 
Find C. 


Challenge 1 Solve the problem if the percent gain is half the value of 
the new C. 


Challenge 2 Solve the problem if the percent gain is half the value of 
the new C, and the selling price is $170.50. 


14-9 Express g and s each in terms of p and r so that the equation 
x* + px* + gx? + rx + s = 0 has two double roots u and v 
where u may or may not equal v. (Each of the factors x — u 
and x — v appears twice in the factorization of x* + px? + 


qx? +rx+s.) 
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Challenge 1 Find u,v if p = —4 andr = —4. 
Challenge 2 Find u, v if p = 2 andr = 2. 


14-10 Let f() = n(n + 1) where nv is a natural number. Find values 
of n such that f(n + 4) = 4f() + 4. 


Challenge 1 Is there a pair m, m such that 2f/(m) + 2 = f(m) where 
m=n-+ 2? 


Challenge 2 Is there a pair m, n such that 5 n(a+ | = + m(m + 1)? 


14-11 If one root of Ax? + Bx? ++ Cx+ D=0, Ax¥0, is the 
arithmetic mean of the other two roots, express the simplest 
relation between A, B, C, and D. 


Challenge Find the simplest relation between the coefficients if one 
root is the positive geometric mean of the other two. 


14-12 If the coefficients a, b, c of the equation ax? + bx + c = Oare 
odd integers, find a relation between a, 6, c for which the roots are 
tational. 


14-13 If f(x) = aox? + aix + ag = 0, ao ¥ 0, and @o, ay and s = 
ao + a; + a2 are odd numbers, prove that f(x) = 0 has no 
tational root. 


15 Systems of Equations: 
Strictly Simultaneous 


Sometimes we can ask more interesting questions about a system of 
equations than “what is its solution.” In other problems here, you will 
have your hands full hunting for the solution. It may be helpful to 
review Cramer’s Rule before plunging in. (See Appendix VII.) 


15-1 Estimate the values of the four variables in the given linear system. 
Then substitute repeatedly until a definitive solution is reached. 
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x1 = 4+ x2 +x +0) 
xo = 5 (0+0+4 x44 m1) 
xs = 4a ta +140) 
xe = Fa +041 + x9) 


15-2 For the system x+y+2z=a4 
—2x—z=b 
x+3y+5z=c 
find a relation between a, b, and c so that a solution exists other 
than x = 0,y = 0,z = 0. 


15-3 Find the smallest value of p? for which the pair of equations, 
(4 — p*)x + 2y = 0 
2x + (7 — p?)\y = 0 
has a solution other than x = y = 0, and find the ratio x:y 
for this value of p*. 


15-4 If Py = 2x* + 3x3 — 4x? + 5x + 3, 
P. = x? + 2x? — 3x41, 
Pz; = x*+ 2x3 — x?4+%x42, 
and aP, + bP, + cP3 = 0, find the value of a + & + c, where 


abc ¥ 0. 
15-5 If ff: =3x-—yt2z+y, 
“fo = 2x + 3y —z+ 2, 
S3 = 5x — 9y + 8z — w, 


find numerical values of a, b, ¢ so that af; + bf2 + cf3 = 0. 


15-6 Find the common solutions of the set of equations 
x — 2xy+2y = -1 
x—xy+ty=0. 
Challenge Solve the problem replacing x — xy + y = 0 by x— 
xy + y = 1, and verify the result geometrically. 
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15-7 Solve the system 3x + 4y + 5z = a, 
4x + S5y + 6z = 4, 
5x + 69+ 7z=C¢, 


a, b, c arbitrary real numbers, subject to the restriction x > 0, 
y>0,z> 0. 


15-8 For a class of N students, 15 < N < 30, the following data were 
obtained from a test on which 65 or above is passing: the range 
of marks was from 30 to 90; the average for all was 66, the average 
for those passing was 71, and the average for those failing was 56. 
Based on a minor flaw in the wording of a problem, an upward 
adjustment of 5 points was made for all. Now the average mark 
of those passing became 79, and of those failing, 47. Find the 
number No of students who passed originally, and the number 
N; of those passing after adjustment, and N. 


16 Algebra and Geometry: 
Often the Twain Shall Meet 


Many mathematical ideas have both an algebraic aspect and a 
geometric aspect. Several of these ideas are explored here, with the 
emphasis on analytic geometry and transformations. 


16-1 Curve I is the set of points (x, y) such that x =u+1, p= 
—2u + 3, wa real number. Curve II is the set of points (x, y) 
such that x = —2v+ 2, y = 40+ 1, v a real number. Find 
the number of common points. 


Challenge 1 Change y = —2u + 3 to y = —2u + 1 and solve the 
problem. 


Challenge2 Change x=u-+1 to x = 2u+1 and solve the 
problem. 


16-2 Let the altitudes of equilateral triangle ABC be AA), BB,, and 
CC, with intersection point H. Let p represent a counterclock- 
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wise rotation of the triangle in its plane through 120° about 
point H. Let q represent a similar rotation through 240°. Let r 
represent a rotation of the triangle through 180° about line 4A,. 
And let s, tf represent similar rotations about lines BB,, CC, 
respectively. 

If we define p * r to mean “first perform rotation p and then 
perform rotation r,” find a simpler expression for @ * r) * q; 
that is, rotation q followed by rotation 7, and this resulting rota- 
tion followed by rotation gq. 


Challenge 1 Determine whether these rotations are commutative; 


that is, for example, whether p * r = r * p. 


Challenge 2 Determine whether these rotations are associative; that 


is, for example, whether (q * r) * p = q * (r * p). 


16-3 Fig. 16-3 represents a transformation of the segment AB onto 


16-4 


segment A’B’, and of BC onto B’C’. The points of AB go into 
points of A’B’ by parallel projections (parallel to AA’). The 
points of BC go into points of B’C’ by projections through the 
fixed point P. 


Ta aie El 
CORDRECENZLECC 
COPRESTTTARE 
FCCP 

FCO CNS EAC 


ah Rei 
EU SaEM 4S eee 
See ea ee 


16-3 


The distances from the left vertical line AM are zero for 
point A, 3 for point B, 4 for point C, 5 for point B’, and 2 for 
point A’(C’). Designate the distances of the points on AC from 
AM as x, and the distances of their projections on A’B’(C’B’) 
from AM as f. Find the values of r and s of the transformation 
functions f = rx +s (a) for O< x <3 @) for 3< x< 4. 


Given the three equations (1) 7x — 12y = 42 (2)7x + 20y = 98 
(3) 21x + 12y = m, find the value(s) of m for which the three 
lines form a triangle of zero area. 
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Challenge 1 Solve the problem generally for the system of equations 
(1) ayx + byy = cy (2) @ox + boy = cg (3) a3x + 
bay = m with Q;be == agb, x 0. 

Challenge 2 Solve the problem for (1) 4x — 6y = 21, (2)2x — 3y = 
21, (3) 21x + 12y = m, and explain the “weird”? result. 


16-5 Describe the graph of x2 + y2 = y. 
Challenge Describe the graph of x? + y2 = —y. 


16-6 Transform x? — 3x — 5 = 0 into an equation of the form 
aX? + b = 0 where a and b are integers. 


Challenge Verify this transformation as a translation of the parabola 


y = x? — 3x — 5 in the xy-plane, a distance of 5 units 
to the left. 


16-7 It is required to transform 2x,? — 4x,x_ + 3x2? into an ex- 
pression of the type a,y,7 + aoy2?. Using the transformation 
formulas y; = x; + cx2g and yo = Xe, determine the values of 
ay and a2. 


Challenge 1 Investigate the case when the transformation formulas 
are yi = X1 and yo= dx, + Xe. 


Challenge 2 Investigate the case when the transformation formulas 
are y; = X; + cxg and ye = dx; + Xp. 


16-8 N.B. and S.B. are, respectively, the north and south banks of a 
river with a uniform width of one mile. (See Fig. 16-8.) Town A 
is 3 miles north of N.B., town B is 5 miles south of S.B. and 
15 miles east of A. If crossing at the river banks is only at right 
angles to the banks, find the length of the shortest path from 
A to B. 


15 NB 


16-8 


50 PROBLEMS 


Challenge If the rate of land travel is cumiornly 8 m.p.h., and the 
rowing rate on the river . iG m.p h. (in still water) with a 
west to east current of 1 m. = h., find the shortest time it 
takes to go from A to B. 


16-9 Let the vertices of a triangle be (0, 0), (x, 0), and (Ax, mx), ma 
positive constant and 0 < A < oo. Let a curve C be such that 
the y-coordinates of its points are numerically equal to the areas 
of the triangles for the values of A designated. Write the equation 
of curve C. 


Challenge Let the vertices of a triangle be (0,0) and (x, 0), and 
G, mx) , Mm a positive constant. Let a curve C be such 
that the y-coordinates of its points are numerically equal 


to the perimeters of the triangles thus formed. Write the 
equation of curve C. 


16-10 Each member of the family of parabolas y = ax? + 2x + 3 has 
a maximum or a minimum point dependent upon the value of a. 
Find an equation of the locus of the maxima and minima for all 
possible values of a. 


16-11 Let A, B, and C be three distinct points in a plane such that 
AB = X > 0, AC = 2AB, and AB + BC = AC + 2. Find the 
values of X for which the three points may be the vertices of a 
triangle. 


Challenge Find the value(s) of x for which the triangle is a right 
triangle. 


16-12 The area of a given rectangle is 450 square inches. If the area 
remains the same when A inches are added to the width and A 
inches are subtracted from the length, find the new dimensions. 


Challenge 1 Solve the problem when 12 inches are added to the width, 
and 10 inches subtracted from the length. 


Challenge 2. Let the original width, W, be increased by h inches, and 
let the original length, Z, be decreased by sh inches. 


Express the new dimensions in terms of the original 
dimensions. 


Sequences and Series: Progression Procession 51 


16-13 Show that if the lengths of the sides of a triangle are represented 
by a, 6, and c, a necessary and sufficient condition for the triangle 
to be equilateral is the equality a? + 6? + c? = ab + be + ca. 
That is, if the triangle is equilateral, then a? + 6b? + c? = 
ab + be + ca, and if a? + 6? +c? = ab+ be + ca, then 
the triangle is equilateral. 


16-14 Select point P in side AB of triangle ABC so that P is between A 
and the midpoint of AB. Draw the polygon (not cone 


P3P4 | AC, P4Ps I AB, P5P6 | CB, with P,, Ps i In CB, Po, Psi in 
AC, Ps, Pe in AB. Show that point P, coincides with point P. 


Challenge 1 Investigate the case when P is the midpoint of AB. 


Challenge 2 Investigate the case when P is exterior to AB and PA < 
AB. 


16-15 Let P\P.P3...P,P,; be a regular n-gon (that is, an n-sided 
polygon) inscribed in a circle with radius 1 and center at the 
origin such that the coordinates of P, are (1,0). Let S = 
(P\P2)* + (P\P3)* terete t (P\Pn)’. Find the ratio S:n. 


17 Sequences and Series: 
Progression Procession 


The problems in this section cover the territory between the usual 
study of sequences and series in high school and the calculus. The 
journey begins with unfamiliar facets of the familiar arithmetic and 
geometric sequences and ends with infinite series, touching on such 
things as recursive sequences, polynomial approximations, finite series, 
and limits along the way. 


17-1 Find the last two digits of N = 11'° — 1. 
Challenge 1 Find the last two digits of N = 11/9 + 1. 
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Challenge 2. Find the last two digits of N = 11'° — 9. 


17-2 Give a recursive definition of the sequence {7 , na natural 


4n 
number. 


Challenge 1 Write a recursive definition of the sequence {E} ’ 
nee 1 2 oes 


Challenge 2 Write a recursive definition of the sequence i} > 
w= 12.60%. 


17-3 A perfectly elastic ball is dropped from height A feet. It strikes 


a perfectly elastic surface Vig seconds later. It rebounds to a 


height rh (feet), 0 < r < 1, to begin a similar bounce a second 
time, then a third time, and so forth. Find (a) the total distance D 
(feet) traveled and (b) the total time T (seconds) to travel D feet. 


Challenge From a pin O, two elastic spheres A and B are suspended 
with strings | foot long. Sphere A is brought to a horizontal 
position | foot from O and released. It strikes B, imparting 
motion to it, at the same time losing its own motion. B then 
falls and strikes A, imparting motion to it, at the same 
time losing its own motion. If with each impact the distance 
traveled is r times the preceding falling motion, 0 < r < 1, 
find the total distances, D4 and Dg, traveled by A and B, 
respectively. 


17-4 For the arithmetic sequence a;,a2,..., 41, it is known that 
a7 + ag = Qjg. Find each subsequence of three terms that forms 
a geometric sequence. 


Challenge Find (a) each geometric subsequence of four terms, and 
(b) each geometric subsequence of five terms. 


17-5 The sum of n terms of an arithmetic series is 216. The value of 
the first term is n and the value of the n-th term is 2”. Find the 
common difference, d. 


Challenge 1 Change the value of the n-th term to 11m and solve the 
problem. 


Challenge 2. There is one more case where d is an integer. Find n 
and d. 
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17-6 Find the sum of 7 terms of the arithmetic series whose first term 
is the sum of the first » natural numbers and whose common 
difference is n. 


Challenge Prove that the sum of n terms of the arithmetic series, whose 
first term is the sum of the first n odd natural numbers and 
whose common difference is n, is equal to the sum of a 
terms of the arithmetic series whose first term is the sum 
of the first m natural numbers and whose common differ- 
ence is 2n. 


17-7 In a given arithmetic sequence the 7-th term is s and the s-th term 
is r, y * s. Find the (7 + s)-th term. 


Challenge If S, = 5(r + s)(r + 5 — 1), find n. 


17-8 Define the triangular number 7, as 7, = + n(n + 1), where 
n= 0,1, 2,...,7,... and the square number S, as S, = n’, 
where n = 0, 1, 2,...,”,.... Prove (a) Tay1 = In +n +l 
(b) Sn4i = Sr + 2n + 1 (c) Snit = Tn+1 + Tr (d) Sa = 


27, — Hn. 
17-9 Beginning with the progression a, ar, ar®, ar®,..., ar*—},..., 
form a new progression by taking for its terms the differences of 


successive terms of the given progression, to wit, ar — a, ar? — 


ar, .... Find the values of a and r for which the new progression 
is identical with the original. 


17-10 The interior angles of a convex non-equiangular polygon of 9 
sides are in arithmetic progression. Find the least positive integer 
that limits the upper value of the common difference between the 
measures of the angles. 


Challenge 1 Find the least integer when there are 12 sides instead of 9. 


Challenge 2 It is not much more difficult to solve the problem for the 
general case of n sides. Try it. 


17-11 The division of aaa , where r < 5s, that is, where r is very much 


smaller in magnitude than s, is not exact, and is unending. If, 
however, we agree to stop at a given point, the quotient is a 
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polynomial in 2 whose degree depends upon the stopping point. 
Find a second-degree polynomial in best approximating the 
function —— ,r<s. 

st+r 


17-12 When P,(x) = 1 +x+x?7+.--- + x" is used to approximate 
the function P(x) = 1 +x +x? +-°:4+x"+--- when x = 
; (see Problem 9-11), find the smallest integer » such that 
|P(x) — P| < .001. 

Challenge 1 Solve the problem for x = ; and x = : : 


Challenge 2 Solve the problem for x = 5 “= 5 ,andx = — 
Challenge 3 Show that the values of n are large for those values of x 


that are toward the middle of the interval (—1, +1). 


17-13 Find the numerical value of S such that S = ag + ay + ay. + 
+++ + an +++ whereay = lia, = r", and Qnyg = Qn — Ga4i- 


Challenge Solve the problem with ag = 2. 


17-14 A group of men working together at the same rate can finish a job 
in 45 hours. However, the men report to work singly at equal 
intervals over a period of time. Once on the job, however, each 
man stays until the job is finished. If the first man works five 
times as many hours as the last man, find the number of hours 
the first man works. 


Challenge What is the number of men? 


17-15 A sequence of positive terms A;, Ado,...,An,... Satisfies the 
recursive relation 4,41 = <*. For what values of A, is 
the sequence monotone decreasing (i.e.,, Ap > Agere > 
A, 2°*')? 

Challenge 1 Write several terms of the sequence when A; = V3. 

Challenge 2 Write several terms of the sequence when A, = 2. 


Challenge 3 Verify that the sequence is not monotone decreasing when 
Ay = 15° 
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17-16 If S= n°? ++ 4+ 12? 4+ @ + 233? 4+--- + (2n)3, na positive 
integer, find S in closed form (that is, find a formula for S), 


given that 1° + 294+ ---+n3 = inn + 1)?. 
Challenge Find S where S = 1° + 3° 4+ 53 4 --- +4 (2n — 1)3. 


17-17 If S&) = 1 +24+3+---+k, express mn in terms of S(m), 
S(n), and SQm + n). 


Challenge Verify the formula for (a) m = n (b) m = 2n (c) m = kn. 


17-18 Each a; of the arithmetic sequence ao, a, 25, a3, a4 is a positive 
integer. In the sequence there is a pair of consecutive terms whose 
squares differ by 399. Find the largest term of the sequence. 


17-19 Let S; = 1 + cos? x + cos*x +-°+-; let S, = 1+ sin? x + 
sin*x+---;let S3 = 1+ sin? xcos? x +sin* xcos*x+°--, 
with O< x< 5: Show that S; + S, = S,S, and that S, + 
So + S3 = S,S2S3. 

17-20 A square array of natural numbers is formed as shown. Find the 


sum of the elements in (a) the j-th column (b) the i-th row (c) the 
principal diagonal (upper left corner to lower right corner). 


2 3 ‘ ‘ “ n 
n+ 1 n+2 ‘ é P A 2n 
2n+ 1 2n +2 : 


ax ine4 es ee 


17-21 Let S = 2x + 2x9 + 2x54 --- 4 2x71 4 +--+, where |x| < 
1, be written as 3 - 3 Express P and Q as polynomials in x 


with integer coefficients. 
1, 
2 4 
Challenge 2 Find P and Q if S = 2 + 2x? + 2x* + +++ +4 2x 
+--+, where |x| < 1, and Sis written as 5 + a 


Challenge 1 Evaluate S when x = i and when x = 
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12422 4---472 


17-22 Let J = lim 


nw. 


fraction as n increases without bound; find the value of I. 


, that is, the limiting value of the 


2 2 2 
17-23 Let ak OS eek Se La oF aac 
formula for S. 
Challenge Find the values of lim S; that is, > rie a satxate. 


ne 


2 . , 
- a Find a simple 


17-24 An endless series of sama car is constuciod on the curve i, 


each with width | and height ~ ; + ae? t= 1,2,3,.... Find 


the total area of the sectunles: 


1 1 1 
17-25 LetSn = 7G t+gq+ °° + GrDG@aD’ 


2,.... Find a simple formula for S, in terms of n. 


: 1 1 1 
Challenge 1 Find S, = Ta ty3t''' t+ Girna ep: Where 


where n = I, 


RH lS 2; oss 
Challenge 2 Can you now predict the formula for 
1 1 


Sp = 12 aa hee ee oe aay where n = 1,206..7 

17-26 Let S = ay + ae +--+ + Gn_i + @, be a geometric series with 
common ratio r, r ~ 0, r ¥~ 1. Let T = 6; + be +++ + bai 
be the series such that 6; is the arithmetic mean (average) of 
a; and a;41, j = 1,2,3,...,m. Express T in terms of a1, an, 
and r. 


17-27 The sum of a number and its reciprocal is !. Find the sum of the 
n-th power of the number and the n-th power of the reciprocal. 


17-28 Alpha travels uniformly 20 miles a day. Beta, starting from the 
same point three days later to overtake Alpha, travels at a uniform 
rate of 15 miles the first day, at a uniform rate of 19 miles the 
second day, and so forth in arithmetic progression. If n represents 
the number of days Alpha has traveled when Beta overtakes him, 
find n (not necessarily an integer). 


17-29 Find a closed-form expression for S,, where S, = 1-2 + 
2-274+3-234---+n-2"; that is, find a simple formula 
for S. 


Logarithms: A Power Play 57 


Challenge 1 Find 5S, where S, 
+ n-3". 


Challenge 2 Find S, where S* = 1-442-47 43-434... 
+n- 4", 


LS 22 3* 4-3 3? es 


Challenge 3. By inspection, find S, where S, = 1-5+2-52+ 
3-534 +++ 47-5". 


17-30 Show that >= 4 < 2where cLanyt pte tatee 


2 
r=1 r 


17-31 Express S, in terms of n, where S, = 1-1! + 2:-2!+3-3! 
+ecstanen. 


18 Logarithms: A Power Play 


Logarithms were invented by John Napier in the early seventeenth 
century to simplify arithmetic computation. The advent of electronic 
computers in recent years has almost eliminated this practical need. 
But logarithms and logarithmic functions still have considerable 
theoretical importance. It’s the theory that counts in these problems. 


18-1 Find the real values of x such that x logg 3 = logio 3. 
Challenge Find the real values of y such that y logi9 3 = logs 3. 


18-2 Find the real values of x for which (a) F is real (b) F is positive, 
where F = log, ~** , a >0,a+ 1. 


Challenge Change 2x + 4 to 2x — 4 and solve the problem. 


18-3 If f is a function of x only and g is a function of y only, determine 
f and g such that log f + logg = log (1 + z) where z = 
x+xyt y. 


Challenge Solve the problem when log f + logg = log (1 — 2) 
where z= x — xy +p. 
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18-4 If (ax)'°®* = (bx)'°2*, a, b positive, a ~ b, a ¥ 1, b ¥ 1, and 
the logarithmic base is the same throughout, express x in terms 
of a and b. 


18-5 Find a simple formula for S, = ioor¥ + ash Se 


1 
jogos? N> 1. 


Challenge Find a simple formula for 7, = ch — arn + ah - 


N>t. 


"" ~ Joges N? 


19 Combinations and Probability: 
Choices and Chances 


Handshakes at a party, a Ping-pong match, and a secret scientific 
project are among the settings for these problems, which involve 
(surprise!) counting choices or figuring chances. 


19-1 Suppose that a boy remembers all but the last digit of his friend’s 
telephone number. He decides to choose the last digit at random 
in an attempt to reach him. If he has only two dimes in his pocket 
(the price of a call is 10¢), find the probability that he dials the 
right number before running out of money. 


Challenge Suppose that the boy remembers all but the last two digits, 
but he does know that their sum is 15. Find the probability 
of dialing correctly if only two dimes are available. 


19-2 In a certain town there are 10,000 bicycles, each of which is 
assigned a license number from 1 to 10,000. No two bicycles have 
the same number. Find the probability that the number on the 
first bicycle one encounters will not have any 8’s among its digits. 


Challenge Find the probability that the number on the first bicycle 
one encounters will have neither an 8 nor a 7 among its 
digits. 
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19-3 Suppose Flash and Streak are equally strong Ping-pong players. 
1s it more probable that Flash will beat Streak in 3 games out of 4, 
or in 5 games out of 8? 


Challenge Suppose Flash is “twice as good” as Streak in the sense 
that, for many games, he wins twice as often as Streak. Is 
it more probable that Flash beats Streak in 3 games out of 5, 
or in 5 games out of 7? 


19-4 Show that in a group of seven people it is impossible for each 
person to know reciprocally only three other persons. 


Challenge In a group of nine people, is it possible for each person to 
know reciprocally only five other persons? 


19-5 At the conclusion of a party, a total of 28 handshakes was ex- 
changed. Assuming that each guest was equally polite toward all 
the others, that is, each guest shook hands with each of the others, 
find the number of guests, n, at the party. 


Challenge 1 Solve the problem for 36 handshakes. 
Challenge 2. Solve the problem for 32 handshakes. 


19-6 A section of a city is laid out in square blocks. In one direction 
the streets are El, E2, ..., E7, and perpendicular to these are 
the streets NI, N2, ..., N6. Find the number of paths, each 
11 blocks long, in going from the corner of El and N1 to the 
corner of E7 and N6. 


19-7 A person, starting with 64 cents, makes 6 bets, winning three 
times and losing three times. The wins and losses come in random 
order, and each wager is for half the money remaining at the time 
the wager is made. If the chance for a win equals the chance for 
a loss, find the final result. 


19-8 A committee of r people, planning a meeting, devise a method of 
telephoning s people each and asking each of these to telephone 
t new people. The method devised is such that no person is called 
more than once. Find the number of people, N, who are aware 
of the meeting. 


19-9 Assume there are six line segments, three forming the sides of an 
equilateral triangle and the other three joining the vertices of the 
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triangle to the center of the inscribed circle. It is required that the 
six segments be colored so that any two with a common point 
must have different colors. You may use any or all of 4 colors 
available. Find the number of different ways to do this. 


19-10 A set of six points is such that each point is joined by either a 
blue string or a red string to each of the other five. Show that 
there exists at least one triangle completely blue or completely 
red, (See Fig. 19-10). 


19-10 


19-11 Each face of a cube is to be painted a different color, and six 
colors of paint are available. If two colorings are considered the 
same when one can be obtained from the other by rotating the 
cube, find the number of different ways the cube can be painted. 
[If the center of the cube is at the origin (0, 0,0) the rotations 
are about the x-axis, or the y-axis, or the z-axis through multiples 
of 90°.] 


19-12 An 8 X 8 checkerboard is placed with its corners at (0, 0), 
(8, 0), (0, 8), and (8, 8). Find the number of distinguishable non- 
square rectangles, with corners at points with integer coordinates, 
that can be counted on the checkerboard. 


19-13 A group of 11 scientists are working on a secret project, the 
materials of which are kept in a safe. In order to permit the 
opening of the safe only when a majority of the group is present, 
the safe is provided with a number of different locks, and each 
scientist is given the keys to certain locks. Find the number of 
locks, m1, required, and the number of keys, m2, each scientist 
must have. 
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20 An Algebraic Potpourri 


Here is an assortment of problems containing a few new ideas and 
a continuation of ideas from earlier sections. 


20-1 If we define (2n + 1)! to mean the product (1)(2)(3)... (22 + 1) 
and (22 + 1)!! to mean the product (1)(3)(5)... (27 + 1), ex- 
press (2n + 1)!! in terms of (2n + 1)!. 


20-2 If a, b, c are three consecutive odd integers such that a < b < ¢, 
find the value of a? — 2b? 4+ c?. 


Challenge 1 How is the result changed ifc < b < a? 


Challenge 2 How is the result changed if three consecutive even 
integers are used? 


20-3 At the endpoints A, B of a fixed segment of length Z, lines are 
drawn meeting in C and making angles a, 2a, respectively, with 
the given segment. Let D be the foot of altitude CD and let x 
represent the length of AD. Find the limiting value of x as a 
decreases towards zero; that is, find lim x. 


Challenge Note that, when the original angles are a, 2a, the limiting 
value of x is =1, Can you predict the limiting value of 


x when the original angles are a, 3a? 


20-4 Find the set of integers n > 1 for which /n — 1+ Vn + Lis 
rational. 


Challenge 1 Solve the problem for </n — k + Wn-+ k where k is 
an integer such that 2<k < 8. 


Challenge 2. For what positive integer values of n is \/4n — | rational? 


20-5 The angles of a triangle ABC are such that sin B + sinC = 
2 sin A. Find the value of tan ; tan £ : 
Challenge Show that if sin B — sinC = 2sin A for triangle ABC, 
then tan Scot $ = —3. 
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x3 — x2? — x 


-1. : : 
Ye =D into the sum of fractions with 


20-6 Decompose F = i 


constant numerators. 


Challenge Change the factor x — 1 in the denominator to x + 1 and 
solve the problem. 


20-7 On a transcontinental airliner there are 9 boys, 5 American chil- 
dren, 9 men, 7 foreign boys, 14 Americans, 6 American males, and 
7 foreign females. Find the number of people on the airliner. 


20-8 If a and b are positive integers and 6 is not the square of an 
integer, find the relation between a and 6 so that the sum of 
a+ +/b and its reciprocal is integral. 


Challenge Solve the problem so that the sum is rational but not 
integral. 


20-9 Find the simplest form for R = Y1+/%—-3+ V1 — V—3. 
Challenge 1 Simplify S = Y1+/-3 —- V1 -— V-3. 
Challenge 2 Simplify T= VYa+ J/—-b + Va — /—8, where a, 


5 are positive integers. 


20-10 Observe that the set {1, 2, 3, 4} can be partitioned into subsets 
71 {4, 1} and 72{3, 2} so that the subsets have no element in 
common, and the sum of the elements in 7; equals the sum.of 
the elements in 7,. This cannot be done for the set {1, 2, 3, 4, 5} 
or the set {1, 2, 3, 4, 5, 6}. For what values of n can a subset of 
the natural numbers S, = {1, 2, 3,..., 2} be so partitioned? 


20-11 Suppose it is known that the weight of a medallion, X ounces, is 
represented by one of the integers 1, 2, 3, ..., NM. You have 
available a balance and two different weights, each with an in- 
tegral number of ounces, represented by W, and W 2. Let S = 
N+ W, + W,. Find the value of S for the largest possible 
value of N that can be determined with the given conditions. 

(For this problem we are indebted to Professor M. I. Aissen, 
Fordham University.) 


20-12 If M is the midpoint of line segment AB, and point P is between 
M and B, and point @Q is beyond B such that QP? = QA- QB, 
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show that, with the proper choice of units, the length of MP 
equals the smaller root of x? — 10x + 4=0. 


NOTE: A, M, B, P, and @Q are collinear. 


20-13 In Fig. 20-13, consider the lattice where R; is the i-th row and 


C; is the j-th column, /, j, = 1, 2, 3, ..., in which all the entries 
are natural numbers. Find the row and column for the entry 
1036. 


Challenge Find the row and column for the entry 212. 


20-13 


20-14 Express P(c) = c® + 10c* + 25c? as a polynomial of least 
positive degree when c is a root of x? + 3x7+4=0. 


Challenge By inspection solve the problem when +25c? is changed 
to —25c?. 


20-15 CES et ee Fo EEN ee he on 


1-—x 
identity in x. Express r, in terms of the given 8’s. 


Challenge Find the coefficient of x” when S(x) = 1 + 2x + 3x? + 
-++ + (2 + 1)x” is divided by 1 — x. 


20-16 Find the numerical value of the infinite product P whose factors 
ns — 


1 
are of the form >> , where n = 233 Aso. % 


20-17 Express F = eae with a rational denominator. 


Challenge Express F = lp vit w4 with a rational denominator. 
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20-18 Starting with the line segment from 0 to 1 (including both 
endpoints), remove the open middle third; that is, points i and ; 
of the middle third remain. Next remove the open middle thirds 

1 

9 


27 8 P 
: : 29? 9% 9 remain along 
with 3 and >: Then remove the open middle thirds of the four 


of the two remaining segments (points 

segments remaining, and so on endlessly. Show that one of the 
— F . 1 

remaining points 1s re 


20-19 Write a formula that can be used to calculate the n-th digit a, 
of N = .01001000100001 ..., where all the digits are either 0 
or 1, and where each succeeding block has one more zero than 
the previous block. 


Challenge Find a,, the n-th digit, of 44 = .101001000100001 .... 


SOLUTIONS 


1. Posers: Innocent and Sophisticated 


1-1 Suppose there are 6 pairs of blue socks all alike, and 6 pairs of 
black socks all alike, scrambled in a drawer. How many socks 
must be drawn out, all at once (in the dark), to be certain of getting 
a matching pair? 


Imagine two bins, the first marked “blue,” the second marked 
“black.” If the first sock drawn is blue, assign it to the first bin; 
if black, assign it to the second bin. Do the same with the second 
sock drawn. If one of the bins has two socks, you have a matching 
pair. If not, there is one sock in each bin. When a third sock is 
drawn, it must go in one or the other bin, thus giving a matching 
pair. Therefore, at most, 3 socks must be drawn out. 


Challenge 1 Suppose the drawer contains 3 black pairs of socks, 7 green 
pairs, and 4 blue pairs, scrambled. How many socks must 
be drawn out, all at once (in the dark), to be certain of 
getting a matching pair? 


Follow the pattern of reasoning in Problem 1-1. The 
answer is 4. 


Challenge 2 Suppose there are 6 different pairs of cuff links scrambled 
in a box. How many links must be drawn out, all at once 
(in the dark), to be certain of getting a matching pair? 


Follow the pattern of reasoning above. The answer is 7. 


1-2 Find five positive whole numbers a, b, c, d, e such that there is no 
subset with a sum divisible by 5. 
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Difficult as this problem seems, it yields to an easy solution if 
you ask yourself the right questions! 

What are the possible non-zero remainders when a positive 
integer is divided by 5? They are 1, 2, 3, 4, which you may think 
of as associated with bin 1, bin 2, bin 3, and bin 4, respectively. 
(See solution 1-1.) 

Consider the five subsets {a}, {a,b}, {a,b,c}, {a, b, c,d}, 
{a, b, c,d, e}, and the respective sums of the elements in these 
subsets. When these sums are divided by 5, there are at most 
four different non-zero remainders. (Why are we not concerned 
with a zero remainder?) Therefore, at least two of these five sums, 
say Sz and ss, have the same remainder r, where r is 1 or 2 or 3 
or 4, so that we may write so = 5m-+ Pr and ss = 5n-+ yr, 
where m, n are integers. It follows thats, — sz = 5m — 5n = 5p, 
where p = m — n; that is, s; — s2 is exactly divisible by 5. If 
Ss=at+b+ic+td+e, and s.s=a+ b, thenc+d-+ e is 
exactly divisible by 5. Hence, the sum of the elements in at least 
one subset of any five positive numbers is divisible by 5. 

The method used for solving Problems 1-1, 1-2, 1-3, and 1-4 
is aptly named the Pigeon-Hole Principle. 


A multiple dwelling has 50 letter boxes. If 101 pieces of mail are 
correctly delivered and boxed, show that there is at least one letter 
box with 3 or more pieces of mail. 


If 100 letters are distributed evenly among the 50 letter boxes, 
each box will contain 2 letters. When the 101st letter is put into 
a box, that box will contain 3 letters. 


Challenge What conclusion follows if there are 


(a) 102 pieces of mail 

(b) 150 pieces of mail 

(ce) 151 pieces of mail ? 

(a) At least one box contains 3 or more letters. 


(b) At least one box contains 3 or more letters. 
(c) At least one box contains 4 or more letters. 


1-4 Assume that at least one of a, and b, has property P, and at least 


one of a2 and be has property P, and at least one of a3 and bs has 
property P. Prove that at least two of a1, a2, a3, or at least two 
of bi, be, bs Aave property P. 
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PROOF I: (Pigeon-Hole Principle) Use two pigeon holes or boxes 
labeled P and ~P, where ~P means “‘not-P.” The possibilities are 
as follows: Box P contains a; or 6; or both, while box ~P 
contains @, or b; or neither. Similarly, box P contains a2 or b2 or 
both, and a3 or bs or both. Box P, therefore, contains one of the 
following combinations: 


Q1, Az, 43; A1, G2, b3; a1, Ae, a3, 63; a1, be, @3; 41, G2, bo, bs; 


and so forth. Since P must contain at least three elements, at 
least two must be from the a’s or at least two must be from the d’s. 


PROOF II: (Partitions) Assume that at most one of a;, a2, a3, and 
at most one of 51, 52, b3 have property P. Then, by simple addi- 
tion, at most 2 of the 6 items have property P. This contradicts 
the given information which implies that at least 3 of the 6 items 
have property P. Hence, more than one of @;, a2, a3, OF more 
than one of 5;, bo, b3, have property P. 

This reasoning is equivalent to the reasoning based on 
partitioning the numeral 3. Since 3 = 34+0=24+1= 14 
2 = 0+ 3, we must have either 3 of the a’s, or 2 of the a’s and 
1 of the 6’s, or 1 of the a’s and 2 of the b’s, or 3 of the 6’s with 
property P. 


PROOF U1: (Binomial Theorem) Let a;, i = 1, 2, 3, represent one 
of the three given a’s, and similarly for b;. Since (a; + 5;)° = 
a;? + 3a,;7b; + 3a,b,;? + 6,3 (see Appendix VI), then either the 
3 a’s or the 3 b’s have property P, or 2 a’s and | 6, or | a and 2 
b’s have property P. 


An airplane flies round trip a distance of L miles each way. The 
velocity with head wind is 160 m.p.h., while the velocity with tail 
wind is 240 m.p.h. What is the average speed for the round trip? 


The temptation is to say that the average speed is ; (160 + 240) = 


200 m.p.h. This is incorrect because the flying times are not the 
same for each leg of the trip. 

Start with the basic formula R X T = D, where R is the 
average speed (m.p.h.), T is the total time (hours), and D is the 
total distance (miles). Letting T; and T, be the times for the legs 
L 


of the trip, we have 7; = 7 and T, = 40‘ 


68 SOLUTIONS 


1-6 


1-8 


Therefore, T= 7, + T2 = i Oe L(%) . Since the 


160 240 
—*~ = 192 mph. The result is the 
(56) 
Harmonic Mean between the two velocities. (See Appendix IV.) 
2(160)(240) _ 


(i.e., here H.M. = 160 + 240 = 192 m.p.h.) 


total distance is 2L, R = 


Assume that the trains between New York and Washington leave 
each city every hour on the hour. On its run from Washington to 
New York, a train will meet n trains going in the opposite direction. 
If the one-way trip in either direction requires four hours exactly, 
what is the value of n? 


At the moment the train leaves Washington, say 2 P.M., the train 
that left New York at 10 a.m. is pulling into the station. When it 
reaches New York at 6 P.M., a train is leaving New York for 
Washington. In all, it meets 9 trains coming from New York; to 
wit, those that left New York at 10, 11, 12, 1, 2, 3, 4, 5, and 6. 


A freight train one mile long is traveling at a steady speed of 
20 miles per hour. It enters a tunnel one mile long at 1 P.m. At 
what time does the rear of the train emerge from the tunnel ? 


To clear the tunnel, the train must travel a distance of 2 miles, 
the length of the tunnel plus the length of the train. At 20 m.p.h., 
the train travels 1 mile in 3 minutes, and 2 miles in 6 minutes. 
The rear of the train emerges at 1:06 P.M. 


A watch is stopped for 15 minutes every hour on the hour. How 
many actual hours elapse during the interval the watch shows 12 
noon to 12 midnight ? 


The total elapsed time is 12 plus the number of hours lost; that is, 
12 + 11(4) = 145 (hours). 


Challenge 2 Between 12 noon and 12 midnight, a watch is stopped for 


1 minute at the end of the first full hour, for 2 minutes at 
the end of the second full hour, for 3 minutes at the end 
of the third full hour, and so forth for the remaining full 
hours. What is the true time when this watch shows 12 
midnight ? 


1-9 


1-10 


1-11 
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ae total elapsed time, in hours, is 12 + = 7 5G: ll: 12) = 
. (See Appendix VII.) Therefore, the true time is 
1206 A.M. 


The last three digits of a nwnber N are x25. For how many values 
of x can N be the square of an integer ? 


Let M be such that M? = N. Since the last two digits of N are 
25, M terminates in 5. If M = 5,x = 0. 

If x ¥ 0, then M has at least two digits. When the tens’ digit 
of M is 1, 3, 6, or 8, then x = 2. When the tens’ digit of Mis 2 
or 7, then x = 6. When the tens’ digit of M/Z is 4, 5, or 9, then 
x = 0. In all, there are three possible values for x, namely 0, 
2, or 6. 


A man born in the eighteenth century was x years old in the year x”. 
How old was he in 1776? (Make no correction for calendric 
changes.) 


In the interval 1700-1800, the only square of an integer is 1764 = 
42?. Therefore, the year of his birth was 1764 — 42 = 1722. 
Hence, in 1776, he was 1776 — 1722 = 54 years old. 


To conserve the contents of a 16 oz. bottle of tonic, a castaway 
adopts the following procedure. On the first day he drinks | oz. 
of tonic, and then refills the bottle with water; on the second day 
he drinks 2 oz. of the mixture, and then refills the bottle with water; 
on the third day he drinks 3 oz. of the mixture, and again refills 
the bottle with water. The procedure is continued for succeeding 
days until the bottle is empty. How many ounces of water does he 
thus drink ? 


It is very easy to get bogged down in a problem like this. You 
must resist the urge to find the daily ratios of tonic to water, or 
of water to mixture. These are difficult to find, and unnecessary! 

The essential clue is in the total number of ounces of water 
added during the drinking period. 

On the first day, 1 oz. of water is added, on the fifteenth day, 
15 oz. of water are added. (Explain why none was added on the 
sixteenth day.) The total is, therefore, 1+2+---+ 15 = 


+ (15)(16) = 120 oz. (See Appendix VII.) 
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1-12 Which yields a larger amount with the same starting salary: 


Plan I, with four annual increases of $100 each, or 
Plan IT, with two biennial increases of $200 each? 


Let A (dollars) be the starting salary. Under Plan I the earnings 
by the end of the fifth year are 


A + (A + 100) + (A + 200) + (A + 300) + (A + 400) 
= 5A + 1000. 


Under Plan II the earnings for the same period are 
A+A+(A + 200) + (A + 200) + (A + 400) = 54 + 800. 
Plan I yields $200 more. 


1-13 Assuming that in a group of n people any acquaintances are mutual, 
prove that there are two persons with the same number of ac- 
quaintances. 


PROOF: For every person in the group, the number of acquaint- 
ances is either 0, or 1, or 2, or..., orm — I. Let us first assume 
that no two persons have the same number of acquaintances, so 
that each of the 2 numbers, 0 to n — 1, is represented. But since 
the presence of 0 means that there is a person acquainted with 
no one, and the presence of n — | means that there is a person 
acquainted with everyone, then our assumption that no two 
persons have the same number of acquaintances leads to a con- 
tradiction. This assumption is untenable. We are forced to con- 
clude that there are two persons with the same number of 
acquaintances. 


1-14 The smallest of n consecutive integers is j. Represent in terms of } 
(a) the largest integer L (b) the middle integer M. 


n-1 


(y~L=jtn-1 b®)M=ft 3 , if n is odd. If n is even, 
there is no unique middle integer. We can designate either 


jt 5 — lorj+ 5 as middle integers, if n is even. 


1-15 We define the symbol |x| to mean the value x if x > 0, and the 
value —x if x <0. Express |x — y| in terms of max(x, y) and 
min(x, y) where max(x, y) means x if x > y, andy if x < y, and 
min(x, y) means x ifx < y, and yifx > y. 
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Ifx > y, |x — pl = x — y = max(x, y) —min(x, y). 
Ifx < y, |x — p| = y — x = max(x, y} —min(x, y). 
Therefore, |x — y| = max(x, y) —min(x, y) in all cases. 


xifx>0 —_f-xfx<0 
1-16 Let xt = 10ars < 0, Wd etx = Oifx > 0. 
Express: 
(a) x in terms of x* and x— (b) |x| in terms of xt and x7 
(c) xt in terms of |x| and x (d) x~ in terms of |x| and x. 
(a) If x < 0, then xt = Oand x7 = —%, x= xt— x, 
If x > 0, then xt = x and x” =0,..x = xt-— x. 
If x = 0, then xt = x and x = —-x, .x+x=x= 
xt — x7, 
(b) If x <0, then xt = 0 and x” = —x and |x| = —x, 
we fel = x pe x, 
If x > 0, then xt = x and x~ = 0 and [x] = x, .”. |x| = 
xt +x. 
ie = 0, then xt = x and x7 = —x and |x| = x,.”.[x| = 
ao Mins 
on ee <0, then x* = 0. Since 3 (|x| + x) = 5(—-x + x) = 0, 
= 5 (x! + x). 
pe then xt = x. Since 5 (|x| + x) = S(x+x) =x, 
= 5 (ix! + x). 
= ° then xt = x. Since 5 (lx| +x= Sx +x) = x, 
5 (al + x). 
a Ifx < 0, mene = —x, Since 5 ({x| —x)= s(—x -x= 
x, x7 = F(x ~ x). 
Bien ® then x~ = 0. Since s(xj — x) =3(@-x) =0 
xT = 5 (lx! — x). 
If x = 0, en 2 = —x. Since 3 (\x| —-x= $(—x —x)= 
—xX; x” = 5 (x1 i x). 


1-17 We define the symbol [x] to mean the greatest integer which is not 
greater than x itself. Find the value of [y] + [1 — yl. 


(a) If y is an integer then [y} + [1 —y] =y+1—ye= 1. 
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(b) If y is not an integer, let y = a + AwhereO < A < l,andais 
an integer. Then [y] + [1 — y]=[e+4]+[l-—@+A] = 
a—a= 0.Notethat (1 — (@+ é4)] = [-a+ (i — A] = —a. 


ILLUSTRATIONS: For y = 6, [y] + {1 — y] = 6+1-—6= 1. 
For y = 6.37, {y] + [1 — y] = [6.37] + [1 — 6.37] = 6-—6=0. 
For y = —6,]+[01 — y) = [-6]+ 7) = -6+7=1. 
For y = —6.37, [y] + (1 — y] = [—6.37]+ [7.37] = —7+7=0. 


Challenge 5 Let (x) = x — [x]; express (x + y) in terms of (x) and (y). 


Let x = a+ €; where 0 < €; < 1, and let y = b+ €2 
where 0 < €2 < I, where a and 5b are integers. Then 
(xy) =ate, —a=e, and () =b+6€2—b= €o. 
xty=atetbt+ee If €, +e. < 1, then 
(x+ys=at+b+e, +€2 —-A-—b= e+ €2. 

Therefore, (x + y) = (x) + (&”) whene,; te. < I. If 
€; +¢€2> 1, then x+yp=a+6+ 1+ 63, where 
€3 + I = €2 + €; and 0 < €3 < I, since €; + €2 < 2. 
Then (x + y)=a+56+1+6€3 —a —b—1 = €3. 
Therefore, (x + y) = (x) + 0) — I whene,; + €2 > 1. 


1-18 At what time after 4:00 will the minute hand overtake the hour 
hand? 


We may deal with this problem as we would if asked to find the 
time it took a fast car to overtake a slower one. Let us speak of 
the rate (i.e., speed) of the hour hand as r. Then the rate of the 
minute hand its 12r. 

The distance that the hands travel will be measured by the 
minute markers of the clock. What we seek in this problem is the 
distance (in minutes) that the minute hand must travel to over- 
take the hour hand. Let this distance be x. Therefore, the distance 
that the hour hand must travel is x — 20, since it has a 20-minute 
head start over the minute hand. 

Since the time equals the distance divided by the rate, the 


time that the minute hand travels is — and the time that the 


12r 
hour hand travels is —— *. Since both hands travel the same 
amount of time: 
x x — 20 12 9 
= ea 20; x 27 - 
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Therefore, at 4:21 the minute hand will overtake the hour hand. 


: 12 ‘ ‘ 
NOTE: In the relation, x = Te 20, the quantity 20 is the number 
of minutes of head start that the hour hand has over the minute 


12 
hand. The ratio = nN? then, is the number of minutes required, per 


minute of head start, for the minute hand to overtake the hour 
hand. Therefore, we can substitute any known value for the 20, 
and find the time required by multiplying by y : 


‘ ‘ Z 2 
For example, if the time at the start is 8:00, x = “ *40 = 


43 . The minute hand will overtake the hour hand at 8:43 : 
Another way of looking at this relation is to say that the head 


start of 20 minutes (or whatever the amount) is the time it would 
take the minute hand to reach the hour hand if the hour hand 


12 
did not move. But because the hour hand does move, it takes li 


as long. This idea can be applied to many variations of the clock 
problem. 


Challenge 1 At what time after 7:30 will the hands of a clock be 
perpendicular ? 


Let us assume that the hour hand does not move after 
7:00. Then the minute hand would be perpendicular to 
the hour hand at 7:50. (This would happen at 7:20 also, 
but the problem asks for a time after 7:30.) The travel 
time for the minute hand, with a stationary hour ee 
is 50 rca With 3 moving hour hand, it must be a7 
much: — +50 = 548 


The hands will ‘a perpendicular at 7: 548 


Challenge 2 Between 3:00 and 4:00, Noreen looked at her watch and 
noticed that the minute hand was between 5 and 6. Later, 
Noreen looked again and noticed that the hour hand and 
the minute hand had exchanged places. What time was it 
in the second case? 


Let x = position of minute hand between 3:00 and 4:00; 
then the position of the hour hand is (1s + 9) . Let 
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Challenge 3 


y = position of minute hand between 5:00 and 6:00; 
then the position of the hour hand is (25 + 7) . Since 
the hands have changed places, 15 + a = y and 
25 + % = x. Solve for ys y = 172. 


29 
ANSWER: 5: ITB 


The hands of Ernie’s clock overlap exactly every 65 
minutes. If, according to Ernie’s clock, he begins working 
at 9 aM. and finishes at 5 P.M., how long does Ernie work 
according to an accurate clock ? 


Using the technique described in Problem 1-18, we find 


that the hands of an accurate clock overlap every 655. 


minutes. Therefore, we may employ the following pro- 
portion: 


65 minutes __8 hours pos 8 
—————— = ,h= 8-5. 
65 A adnate # hours 143 


2 Arithmetic: Mean and Otherwise 


2-1 The arithmetic mean (A.M.), or ordinary average, of a set of 50 
numbers is 32. The A.M. of a second set of 10 numbers is 53. Find 
the A.M. of the numbers in the sets combined. 


One procedure is to add the 50 numbers of the first set, add the 
70 numbers of the second set, add these two sums, and then divide 
by 120. But, since the individual numbers are not known, we 
cannot use this method. 

Nevertheless, we can obtain the essential information needed 
for a solution without a knowledge of the individual numbers. 


Since A.M. of n numbers = :, where S is the sum of the n 
numbers, S = n(A.M.). For the first set of numbers, S; = 50 X 
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32, and for the second set of numbers, Sp = 70 < 53. Therefore, 


the required A.M. is 


Challenge 1 


Challenge 2 


Challenge 3 


Challenge 7 


(50)(32) + (70¥53) 


50 + 70 = 44,25. 


Change the A.M. of the second set to —53, and solve. 


(50)(32) + 70(—53) 200 ad 
A.M. = 50 + 70 =~ 120 ~ 1755 


Change the number of elements in each set to 1, and solve. 


AM = (1)G2) + UX 53) _ 32 + 53 _ 42.5 


Would you conclude from this illustration that finding 
the average of two numbers in the usual manner is a 
special case of this method, known as the method of 
Weighted Means? 

A general representation of the method of Weighted 
Means may be given as 


(P1)(Mi) + (P2)(Ma) + +++ + (Pa)(Mn) 
Pi,+P2+---4+Pa 


where M; is the arithmetic mean of the set of numbers 
with P; members in it, i being used for any one of the 
natural numbers 1, 2, 3,...,. There are also other 
interpretations of the formula. 


A.M. = 


Find the point-average of a student with A in mathematics, 
A in physics, B in chemistry, B in English, and C in 
history — using the scale: A, 5 points; B, 4 points; C, 3 
points; D, 1 point — when (a) the credits for the courses 
are equal (b) the credits for the courses are mathematics, 
4; physics, 4; chemistry, 3; English, 3; and history, 3. 
(2)(5) + 204 + (DG) 
A.M. = 24+2+4+1 
carry equal credit. 

AM. _ BAG) + BY + (BG) 
(2)(4) + (2)(3) + (1G) 
credits are, respectively, 4, 4, 3, 3, 3. 


= 4.2, when the courses 


= 4.3, when the 


Estimate the approximate A.M. of the set {61, 62, 63, 65, 
68, 73, 81, 94}. 


When the numbers of a set are large, and addition be- 
comes cumbersome, we frequently use the method of 
Guessed Mean to find the A.M. of a set of numbers. 
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For example, find the A.M. of the set {61, 62, 63, 65, 
68, 73, 81, 94}. Obviously, the A.M. is between the ex- 
tremes 61 and 94. Let us guess 70 as the A.M. (Would 
80 be a good guess?) The differences between the given 
numbers and the guessed mean are —9, —8, —7, —5, 
—2, +3, +11, +24. Their sum is +7. The true A.M. is, 


therefore, 70 + : = 702 : 


In rare instances the guessed mean will be the correct 
A.M. What is the sum of the differences in this instance? 
ANSWER: Zero 


2-2 Express the difference of the squares of two consecutive even 
integers in terms of their arithmetic mean. 


|(2n + 2)? — (2n)?| = |(4n + 2)(2)| = |4@n + DI = 4/A.M|| 
where |x| means + x if x > 0, and —x if x < 0. 


2-3 It is a fundamental theorem in arithmetic that a natural number can 
be factored into prime factors in only one way — if the order in 
which the factors are written is ignored. This is known as the 
Unique Factorization Theorem. Fer example, 12 is uniquely 
factored into the primes 2, 2, 3. 

Consider the set S, = {4,7,10,...,3k +.1,...}, in which 
k = 1,2,...,n,.... Does S; have unique factorization? 


First, it is important to identify some of the prime members of Sj; 
that is, those members divisible by themselves but no other 
members of S,. These are (with some surprises) 4, 7, 10, 13, 19, 
22, 25, ..., Since each of these numbers is (exactly) divisible only 
by itself. 

After a few trials you find that 4 X 25 = 10 X 10 = 100, 
so that 100 has two different factorizations in S,. Another 
instance is 484 = 22 X 22 = 4 X 121. Hence, S, does not have 
the property of unique factorization. 


Challenge Js factorization unique inS. = {3,4,5,...,k,...}? 


Of course, 3, 5, 7, 11,... are primes in S2, but so are 4, 6, 
8, 10,.... Factorization in Sz is not unique since 24 = 
4 X 6 = 3 X 8. Can you find another instance? 
ANSWER: 36 = 6 X6=3X3X 4 
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2-4 What is the smallest positive value of n for which n? + n + 41 is 


2-6 


not a prime number? 


It may seem strange, but the expression n? + n+ 41 does 
generate prime numbers for every natural number a from 1 to 39. 
However, since n? + n = n(n + 1), it cannot be the case that 
n? + n+ 41 is prime when n + 1 = 41; that is, when n = 40 
because, then, we have 40(41) + 41 = 417, divisible by 41. 
COMMENT: n? + n + 41 generates the same set of primes for the 
negative integers —1 to —40, but form = —4lI, the expression is 
composite, not prime. 


° oye : % a c 2 
Given the positive integers a, b, c, d with b<a*< 1; arrange in 


d 
weg. a bd b+d 
order of increasing magnitude the five quantities: a ta ee ta + = |. 


: c d ‘< a ce 6b d 
Since 5< 1,72 > 1. Since $< £>2> 4%. Hence, 1<2<?2- 


2 d 6. bd. 
Since each of ; and = is greater than 1, then — is greater than 


either. Hence, 1 < z < 2 < lt 
Cc a ac 


: b 
We now show that the fraction ate , obtained fete aes 
separately the numerators and the denominators of 2 and 4 
d 
greater than the smaller fraction ~, and less haar the ioe 


< b 
fraction ~ = 


soe o<? ,ad< ae therefore, cd + ad < cd + bc, and 


da+o<cd +b). 4 2 < 244) Also, since be > ad, ab + 
hon ai ad Wa se) Sab BY aid pe? 
The required order is, therefore, 1, 4 , 2 oe ’ 2, “. 


It can be proved (see Appendix 1) that, for any natural number n, 
the terminal digit of n° is the same as that of n itself; that is, 
n®*tpn, where the symbol TD means “has the same terminal digit.” 
For example, 4° Tp 4. 


Find the terminal digit of (a) 2? (b) 27° (c) 77 (d) 8° (e) 81°: 7” 


(a) Since 12 = 54542, 2!2 = 25-25-27? qp2-2-2? = 
16 17D 6. (See Appendix I.) (b) 22° = (25)§ tp 2° = 25- 27D 
2:2=4.(¢)77 = 75-7* 17-7? = 343 1D 3. 
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Challenge Find the terminating digit of (a) (3) : (b) (5) °. 


2-7 


2-8 


METHOD I: (a) (3) = = 1De. But 3 = .625, so that the 

terminating digit is 5. 

METHOD ut: (a) (3)° = (.625)® = (625 X 1074)° = 

625° x 10~'5. But 6255 1D 5, so that the terminating 
ane 5\5, 4\5 ee . 

digit of (5) is 5. (b) (3) = (.571428)°; that is, the fifth 


power of an endless repeating decimal with period 571428. 
Since (571428)° rp 8, the terminating digit is 8, provided 
the complete block of digits 571428 is used. 


IfN = 1-2-3---+100 (more conveniently written 100!), find the 
number of terminating zeros when the multiplications are carried 
out. 


For each factor 10 in N there will be a terminating zero; that 
is, for every pair of factors 5 and 2, there will be a terminating 
zero. We must, therefore, find the number of factors 5 and the 
number of factors 2 in 100! 

The factor 5 is present once in each of 5, 10, 15, 20, 30,..., 95 
(16 factors), and twice in each of 25, 50, 75, and 100 (8 factors); 
a total of 24 factors. The factor 2 is present once in each of 2, 6, 
10, 14, . . . , 98, twice in each of 4, 12, 20, 28, . . . , 100, three times 
in each of 8, 24, ..., 88, and so forth. (Show that there is a total! 
of 97 factors 2.) Of these, only 24 are needed to pair with the 24 
factors 5. The number of terminating zeros in 100! is, 24. 

More elegantly, we find the number of factors 5 as follows: 
100 + 5 = 20; 20+ 5 = 4; 20+ 4 = 24. Similarly, for the 
factor 2, we find 97 factors. (The remainders in the divisions are 
disregarded; explain why.) 


Find the maximum value of x such that 2* divides 21! 


METHOD I: List all the even factors in 21!, namely, 2, 4,..., 20, 
and the highest power of 2 in each, to obtain] + 24+ 1+3+4 
1+2+1+4+1+4+2 = 18. .x(max) = 18. 


METHOD Hl: Divide 2 into 21 and into the successive quotients 
until a quotient less than 2 is obtained. Then add the quotients. 
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21 +2 gives gy = 10; 10+ 2 gives go = 5; 5+ 2 gives 
43 = 2;2 + 2 givesqg = 1l. gi t+ qo2t+qs3+q4 = 104+54 
2+ 1 = 18. 


Challenge 2. Find the highest power of 2 in 21! excluding factors also 
divisible by 3. 


Factors divisible by 2 and 3 are 6 = 2-3, 12 = 2?-3, 
18 = 2+ 3%. Therefore, the highest power is 18 — 4 = 14. 


2-9 The number 1234 is not divisible by 11, but the number 1243, 
obtained by rearranging the digits, is divisible by 11. Find all the 
rearrangements that are divisible by 11. 


For an integer to be divisible by 11, the sum of the odd-numbered 
digits minus the sum of the even-numbered digits, must equal a 
multiple of 11. (See Appendix V.) 

Since 2 + 3 = 1 + 4, all rearrangements in which the odd- 
numbered digits are 2 and 3, or in which the even-numbered 
digits are 2 and 3, are acceptable. 

In all, there are 8 rearrangements: 2134, 2431, 3124, 3421, 
1243, 4213, 1342, 4312. 


Challenge Solve the problem for 12034. 


All rearrangements in which the odd-numbered digits are 
1, 0, 4, or in which the odd-numbered digits are 2, 0, 3; 
eight rearrangements in all. 


2-10 Let k be the number of positive integers that leave a remainder of 
24 when divided into 4049. Find k. 


By definition, Dividend = Quotient X Divisor + Remainder; 
or, stated in symbols, D = qd + r, where 0 < r < d. Therefore, 
qd = D—r = 4049 — 24 = 4025 = 5-5-7- 23. 

There are, therefore, one divisor using all four prime factors 
(5-5-7 - 23), three divisors using three of the prime factors at a 
time (5-5-7, 5-5-23, 5+ 7- 23), four divisors using two of the 
prime factors at a time (5:5, 5-7, 5+ 23, 7: 23), but no divisors 
using one of the prime factors at a time. (Why?) Hence, k = 8. 


Challenge 1 Find the largest integer that divides 364, 414, and 539 
with the same remainder in each case. 
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Challenge 2 


Challenge 3 


Let D be the largest integer dividing the given numbers 
with the same remainder. Then 364 = DX Q,+ R, 
4144= DX Qot KR, 539= DX O34 R .. 5= 
D(Q2 — Q1), 125 = D(Q3 — Qe), 175 = D(Q3 — Qi). 
Since D is an exact (largest) divisor of 50, 125, and 175, 
D = 25. 

Check to see that the remainders are equal. 


A somewhat harder problem is this: find the largest integer 
that divides 364, 414, and 541 with remainders Ry, Ro, 
and R3, respectively, such that Re = R,+ 1, and 
R3 = Ro + 1. 


Using a similar procedure, we have 364 = DQ, + Ri, 
414 = DQ.+ Ri + 1,541 = DO34+ Ri +141. 
“.50 = D(Q2 — Q1) + 1, 127 = D(Q3 — Qe) + 1, 
177 = D(Q3 — Q1) + 2...49 = D(Q2 — Q)), 126 = 
D(Q3 — Q2), 175 = D(Q3 — Q1)...D=7 


A committee of three students, A, B, and C, meets and 
agrees that A report back every 10 days, B, every 12 days, 
and C, every 15 days. Find the least number of days 
before C again meets both A and B. 


We must find the smallest integer exactly divisible by 10, 
12, and 15; that is, the least common multiple M of 10, 
12, and 15. 

Since 10 = 2-5, 12 = 2-2-3, and 15 = 3-5, 
M =2-5-2:3 = 60. That is, A, B, and C will be to- 
gether again in 60 days. Put another way, C will find 
both A and B on the fourth time that he reports back. 


2-11 List all the possible remainders when an even integer square is 
divided by 8. 


First we observe that if N? is even, then N is even. (Justify this 
statement.) Therefore, MN = 2k where k is an even or an odd 


integer. 


When k is odd, say 2m + 1, then N® = 4k? = 4(4m? + 
4m + 1) = 16m(m + 1) + 4, and the remainder, upon division 
by 8, is 4. 

When k is even, say 2m, then N? = 4k? = 4(4m”) = 16m?, 


2-12 


2-13 
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and the remainder, upon division by 8, is 0. Therefore, the possi- 
ble remainders are either 0 or 4. 


Which is larger: the number of partitions of the integer N = k - 10? 
into 2k + 1 positive even integers, or the number of partitions of 
N into 2k + 1 positive odd integers, where k = 1, 2, 3,...? To 
partition a positive integer is to represent the integer as a sum of 
positive integers. 


Since N = k- 10? is even, it cannot be partitioned into 2k + 1 
positive odd integers since 2k + 1 is odd. Therefore, the parti- 
tioning into even integers is larger. 


Given the three-digit number N = a12243, written in base 10, find 
the least absolute values of m4, M2, M3 such that N is divisible 
by 7 if mya; + me2a2q + mg3az is divisible by 7. 


N = a,: 10 + a2: 10 + ag = a,(7 + 3)? + a7 + 3) + as 
= 7(14a, + Qe) + 2a, + 3@9 + a3. 

When WN is divided by 7, the remainder is 2a, + 3a2 + a3. It 

follows that N is exactly divisible by 7 if 2a; + 3a2 + a3 is 


exactly divisible by 7. 
Therefore, m, = 2, m2 = 3,m 3 = 1. 


Challenge 1 Solve the problem for the six-digit number 


N= 21429aga4a 5a 6. 
NOTE: Only |77,|, ||, and [73] are needed. 


N = ag + a5(7 + 3) + a4(7 + 3)? + a3(7 + 3)° 
+ ao(7 + 3)4 + a,(7 + 3)5 


Therefore, 


N= Tpi tagt 3a5 + 9a4 + 27a3 + 8la,g + 243a, 
= 7Tp2 + ag + 3a5 + 2a4 + 643 + 4a2 + Say 
Tp3 + @g t+ 3a5 + 2a4q — a3 — 3aq — 2a}. 


ll 


Therefore, N is exactly divisible by 7 if 
—2a, — 3a2 — a3 + 2a4 + 345 + Ge 


82 SOLUTIONS 


2-14 


2-15 


is exactly divisible by 7. Hence, the least absolute values 
of m1, Mo, mz are 2, 3, and I respectively. 


When x? + a is divided by x + 2, the remainder is known to be 
—15. Find the numerical value of a. 

METHOD I: Using the Remainder Theorem (see Appendix I), 
we have (—2)? + a = —15,a = —7. 

METHOD 1: By long division, (x* + a) + (x + 2) yields the re- 
mainder a — 8. '..2— 8 = —15,a = —7 


Ifx — ais a factor of x? + 2ax — 3, find the numerical value(s) 
of a. 


METHOD I: Let the second factor be x + 6. Then 
x? + 2ax — 3 = (x — al(x + 5) = x? + x(—a + Bb) — ab. 


..3 = ab,and2a = —a+ 6,...4 = +lor —l,andé = 43 or 
—3, respectively. Check x? + 2x — 3 = (x — 1)(x + 3), and 
x? — 2x — 3 = (x + I) — 3). 


METHOD Ii: With the use of the Remainder Theorem and the 
Factor Theorem (see Appendix II), we have P(x) = x? + 2ax — 
3 = O when x = a. Since x — a isa factor, a? + 2a? — 3 = 0, 
3a? = 3,a = +lor -I. 


Challenge 1 Find the remainder when P(x) = x* — 2x? + 2x — 2 


is divided by x + 1. 


One way to find out is to perform a long division to ob- 
tain the remainder. The quicker way is to use the Re- 
mainder Theorem (see Appendix II): 


P(—1) = (—1)* — 2-1)? + A—-) -— 2 = —-7. 


2-16 Let N be the product of five different odd prime numbers. If N is 


the five-digit number abcab,4 <a < 8, find N. 


To obtain some idea of the size of the primes involved, note that 
since 11° is a six-digit number, some of the primes are less than 
11, and at least one is more than 11. We could guess at the first 
five odd primes, but 3-5-7-11-13 = 15,015, which is un- 
acceptable since it is required that a be greater than 4. Our second 
trial could very well be 5-7- 11-13-17 = 85,085, which is 
unacceptable since it is required that a < 8. 


2-17 


2-18 
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Close examination reveals that abcab must be a multiple of 
100 =7- 11-13. Since the only numbers between 51 and 79 which 
have exactly two odd prime factors different from 7,11,and 13 are 
51,57, and 69, the values of NW are: 51051 = 3-7-11- 13-17; 
57057 =3-7-11-13-19;and 69069 = 3-7-11-13-23. 


If a five-digit number N is such that the sum of the digits is 29, can 
N be the square of an integer? 


Assume that N = (h- 10? + 4-10 + u)?. Since the remainder 
obtained when dividing an integer by 9 is equal to the remainder 
obtained when dividing the sum of its digits by 9 (reduced by 
multiples of 9, if necessary), the remainder for N is equal to the 
remainder for (4 + ¢ + u)”, mod 9. However, while the given 
sum 29 yields a remainder of 2 when divided by 9, the only 
remainders possible with squares of integers are 0, 1, 4, and 7. 
(To verify this last remark, designate all integers as mn, n + 1, 
n-+ 2,...n-+ 8, with n divisible by 9. Square these expressions 
and examine the result.) Consequently, N cannot be the square of 
an integer. 

ILLUSTRATION 1: N = 24,689 is not the square of an integer; the 
sum of its digits is 29. 

ILLUSTRATION 2: N = 24,649 = 1577; the sum of its digits is 25, 
which, divided by 9, yields a remainder of 7. 

Note that the converse of this theorem is not true. 
ILLUSTRATION 3: N = 24,694 is not the square of an integer. Yet 
the sum of the digits is 25 with a remainder of 7 when divided 
by 9. 


Each of the digits 2, 3, 4, 5 is used once and once only in writing 
a four-digit number, Find the number of such numbers and their 
sum. 


For the thousands’ position, we may choose any one of the given 
four digits; for the hundreds’ position, any one of the remaining 
three; for the tens’ position, either one of the remaining two. 
The units’ digit is assigned the fourth of the given digits. In all, 
there are 4 X 3 X 2 X 1 = 24 possibilities. 

Each digit, then, appears 6 times in each position. Therefore, 
the sum is 


6(5555) + 6(4444) + 6(3333) + 6(2222) = 6(15,554) = 93,324. 
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2-19 


Find all positive integral values of k for which 8k + 1 expressed in 
base 10 exactly divides 231 expressed in base 8. 

231g = 2:87 + 3-841 = 15339 = 9-17 = 1-153. Notice 
that9 = 1-84 1,17 =2-8+1,1=0-8 +1, and 153 = 
19-8 + 1. Restricted to positive values, k = 1, 2, 19. 


Express in terms of 1 the positive geometric mean of the positive 
divisors of the natural number n. Definition: the positive geometric 
mean of the k positive numbers a,, a2, ..., a is W/aja2... ay. 
Let the divisors of n, arranged in increasing order, be d, do,..., 
d,. Then n = d,d, = dod, —-1 = dz3d,_2 meee sS djd,_1+41. 
d,d,dod,_,... dd, = d\"do”...d,? = nn" 
*. X/d12do?...d,? = a/n* =, and Wdido... r= Jn. 
ILLUSTRATION 1: The divisors of 16 are 1, 2, 4, 8, 16, five in all. 
VW1-2°4-8-16 = VW45 = 4= V/16 
ILLUSTRATION 2: The divisors of 24 are 1, 2, 3, 4, 6, 8, 12, 24, eight 


in all. 
/1-2-3-4°6°8-12-24° = W244 = V/24 


3 
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Relations: Familiar and Surprising 


Let y; = aoe Let y2 be the simplified expression obtained by 
replacing x in y; by <= = : . Let Ys be the simplified expression ob- 


tained by replacing x in - by x = ; , and so forth. Find Y6 Y100; 
Ys01- 


This looks frighteningly difficult, but it isn’t! 


x+i1 
2 el ome la xe Yen 
yo Fi 1 etinx si 2.0% 
x—1 
x+1 


and so forth. For all even subscripts, the value of yo; = x, for 


all odd subscripts the value yai41 = ~~. "v6 = %,Y100 = % 
x+1 


¥so1 = yy 
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3-2 Let us designate a lattice point in the rectangular Cartesian plane 
as one with integral coordinates. Consider a rectangle with sides 
parallel to the axes such that there are 8, lattice points in the base 
and $> lattice points in the altitude, and that the vertices are lattice 
points. 

(a) Find the number of interior lattice points, N(I1). 
(b) Find the number of boundary lattice points, N(B). 
(c) Find the total number of lattice points, N. 


(a) NZ) = (81 — 2)(s2 — 2) = 8452 — 251 — 252 + 4 

(b) N(B) = 2s; + 2(s2 — 2) = 25, + 2sq — 4. An alternative 
form for N(B) is 2[(s; — 1) + (Se — DI]. 

(c) N = NW) + M(B) = 5152 


3-3 An approximate formula for a barometric reading, p(millimeters), 
for altitudes h(meters) above sea level, is p = 760 — .09h, where 
h < 500. Find the change in p corresponding to a change in h 
from 100 to 250. 


Since p, = 760 — .09h, and po = 760 — 09/2, then p; — 
Pe = —.09(h; — Ae), or Ap = —.09 Ah where Ap is the change 
in p and Ah is the change in A. © Ap = —.09(150) = —13.5 mm.; 
that is, a decrease of 13.5 mm. in barometric pressure. 
Check by finding p; for k = 100, and p2 for h = 250. 


3-4 A student wishing to give 25 cents to each of several charities finds 
that he is 10 cents short. If, instead, he gives 20 cents to each of 
the charities, then he is left with 25 cents. Find the amount of 
money with which the student starts. 


Let n represent the number of charities, and A, in cents, the 
amount of money with which the student starts. 

The first condition, translated, becomes A — 25n = —10. 
The second condition, translated, becomes A — 20n = 25. 
Therefore, 5n = 35, n = 7. A — 20°'7 = 25, A = 165. The 
amount started with is $1.65. 


Challenge 3 How does the answer change if the original shortage is 
25 cents? 


In a certain sense this is an unfair question. He could 
simply reduce the number of charities (if unspecified) by 
one. In this case, the amount A is undetermined, except 
to say that it is a multiple of 25. If, however, the number 
of charities is fixed, then the amount A is $2.25. 
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3-5 


3-7 


3-8 


Find two numbers x and y such that xy, - and x — y are equal. 
xy =F .y = 1 or —1. Also x — yp = xp. For y= 1, x — 
1 = x, a contradiction. For y = —I,x+1= —-x,x= -5 
x= —S.y= —1. 


A merchant on his way to the market with n bags of flour passes 
through three tollgates. At the first gate, the toll is ; of his holdings, 
but 3 bags are returned. At the second gate, the toll is 4 of his 
(new) holdings, but 2 bags are returned. At the third gate, the toll 
is ; of his (new) holdings, but 1 bag is returned. The merchant 
arrives at the market with exactly 5 bags. If all transactions in- 
volve whole bags, find the value of n. 

= + 3, after 
the second toll, 5 + 4, and after the third toll, 4 + 3.. i +3= 
Son 12, 


The number of bags remaining after the first toll is 


The number No is 25% more than the number N,, the number N3 
is 20% more than No, and the number N4 is x% less than Ng. 
For what value of x is Na = N,? 


Ns (1 — i) = (1— gaa) (1 + joo) M2 
= (1- &) 0+ we) C+ ie) ™ 
For N, to equal N,, (1 _ =<) (1 + :) (1 + i) must equal 1. 


rie, (1 ~ #s) (9) (9) = 1 ape Fee Bh 


Let R = px represent the revenue, R (dollars), obtained from the 
sale of x articles, each at selling price p (dollars). LetC = mx + b 
represent the total cost, C, in dollars, of producing and selling these 
x articles. How many articles must be sold to break even? 


Na 


At the break-even point, R = C; that is, px = mx + b, so that 
: For this value of x, R= C = pe 


p-—m p—m 


x= 
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3-9 In a certain examination it is noted that the average mark of those 
passing is 65, while the average mark of those failing is 35. If 
the average mark of all participants is 53, what percentage of the 
participants passed? 


We represent the number of participants passing by P, and the 
number failing by F. The total score of those passing is 65P, 
the total score of those failing is 35F, and the total score of all 
is 53(P + F). 

65P + 35F = 53(P + F), 12P = 18F, F= a Since the 


ratio of those mane to all the participants is =—— P : FF we have 
P P 
Pp = ——,— = <z. The percentage passing is = = (100) = 
+ F 2 : 
P+ 3 P 


3-10 Under plan : a merchant sells n, articles, priced 1 for 2¢, with 
a profit of + ¢ on each article, and ng articles, priced 2 for 3¢, 
with a es of 3 ¢ on each article. Under Plan II, he mixes the 
articles and ie them at 3 for 5¢. If ny + ne articles are sold 


under each plan, for what ratio = is the profit os same ? 
Pi 


Under ras I, the selling hag is 27, 42 5 Mes the profit is 
tm 44 g 2 and the cost is re nyt 1; No. Under Plan II, the 
selling price is 5 (m + na), ‘ie cost is the same as in Plan I, 


1 
and the profit is seer CRS Waa Be an 


Therefore, a+ = oy. a, a= 2: ites :: We 
could just as well have set the Plan I selling price equal to the 
Plan II selling price to obtain the required ratio since, if the 
profit is the same and the number of each article sold is the same, 
the selling price must be the same under both plans. Work out 


the details. 
Challenge Change 2¢ to p¢ and 3¢ to q¢ and solve the problem. 


Under Plan I, the selling Langs is pry 4+ £3 > » and under 
4 ny + nz). Since the costs 


Plan II, the selling price is ae 
are the same, and the ie are the same under both plans, 
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3-11 


3-12 


it follows that pny + %? = 24 (mn, + 12). 


A 2p —-q 2p—a\ 2A 1 
mi ( 3 ) = no ( 6 ) a5 


The sum of two numbers x and y, with x > y, is 36. When x is 
divided by 4 and y is divided by 5, the sum of the quotients is 8. 
Find the numbers x and y. 


Working formally, we have x + y = 36, ; + c = 8. From this 


pair of equations we obtain x = 16, y = 20. But it is given that 
x > y. Consequently, there is no solution to the problem. 


Find the values of x satisfying the equation |x — al = |x — bl, 
where a, b are distinct real numbers. 


The interpretation x — a = x — 6 contradicts the given in- 
formation that a ¥ 8. 
Hence, x —a = —(x— db), or -—QX-—QD=x-— 5. In 


either case, 2x = a+b,x= 5 (a + 5); that is, x is the arith- 


metic mean between a and b. 

Here, again, a geometric interpretation is enlightening. If 
a < b, it follows that a < x < b; point ais to the left of point x 
which is to the left of point b. The distance x — a equals the 
distance b — x. If a > 5, it follows that 6 < x < a; the order of 
points from left to right is 5, x, a. Again the distance x — 5 equals 
the distance a — x. A single expression for both cases is|x — al = 
|x — bl. 


Challenge 3. Find the values of x satisfying the equation |2x — 1| = 


Ix — 2I. 
Here a new element requires our consideration. If we 
think of |2x — 1| as 2\x - ; , we interpret the problem 
to mean that the distance of x from 2 is twice the distance 
. This allows for the two possibilities: 
2(x— 5) =x—2, and 2(x—5) = —-@-2). In 
2 2 2 eT ° 


the former case x = —1, in the latter, x = 1. (See 
Figs. S3-12a, and S3-12b.) 
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X x 
_-—+ + + + ad 
-1 0 &% 2 0’ 1 2 
$3 12a $3-12b 
3-13 Two night watchmen, Smith and Jones, arrange for an evening 


3-14 


3-15 


together away from work. Smith is off duty every eighth evening 
Starting today, while Jones is off duty every sixth evening starting 
tomorrow. In how many days from today can they get together? 


Smith is off the first day, the ninth day, the seventeenth day, and 
so forth; that is, on the days numbered 1 + 85S, where S = 0, 1, 
2,.... Similarly, Jones’ days off may be represented by 2 + 6J, 
where J = 0, 1, 2,.... 

We must, therefore, find a solution in positive integers to the 
equation 1 + 8S = 2 + 6/, or 8S = 1 + 6J. Since, for integer 
values of S and J, the left side is always even while the right side 
is always odd, the equation is not solvable in integers. 

Smith and Jones cannot get together. 


A man buys 3-cent stamps and 6-cent stamps, 120 in all. He pays 
for them with a $5.00 bill and receives 75 cents in change. Does 
he receive the correct change? 


Represent by x the number of 3-cent stamps. Then 120 — x 
represents the number of 6-cent stamps. The total cost of the 
stamps, in cents, is C = 3x + 6(120 — x) = 720 — 3x, so that 
C is divisible by 3. Hence, the payment P should be divisible by 3. 
But P = 500 — 75 = 425 is not divisible by 3. It follows that 
the 75 cents change is incorrect. 


In how many ways can a quarter be changed into dimes, nickels, 
and cents? 


As the problem is stated it is somewhat ambiguous. We want to 
know if we must use three coin-types, or if we are permitted to 
use two coin-types, or one coin-type. We consider each case. 
Representing the number of dimes, nickels, and cents re- 
spectively by d, n, and c, we have 25 = 10d + 5n + c. 
The equation contains three unknown quantities, but we have 
only this one equation. Is there any other helpful information? 
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Yes, the knowledge that each of d, n, and c is a positive integer 
(or zero for the second and third cases). 

This is an instance of what mathematicians call a Diophantine 
equation. To a large extent it is solved by trial. Obviously, if 
d= 0, nm = 0, then c = 25. The table below shows all possible 
combinations. 


Satisfy yourself that no permissible combination has been 
omitted. Therefore, if at least one of each coin must be used, 
there are just two possibilities. If only two coin-types are used, 
there are eight possibilities. If a single coin-type is acceptable, 
there are, again, just two possibilities. The total for the three 
cases is 12 possibilities. 


Challenge Js the answer unique if it is stipulated that there are five 
times as many coins of one kind as of the other two kinds 
together? 


Of course if a list of all possibilities (as shown above) is 
available, we merely read off the answer. How do we 
proceed if no such list is available, and we do not care to 
prepare one? 

We immediately rule out the possibility of 5 dimes or 
5 nickels. That leaves only the possibility that the number 
of cents is five times the combined number of dimes and 
nickels. 

25 = 10d + 5n+ S5(d+ n), 


25 = 15d + 10n, 5 = 3d + 2n. 
Obviously, d = 1, n = 1. The combination of 1 dime, 1 
nickel, 10 cents is unique. 
3-16 Find the number of ways in which 20 U.S. coins, consisting of 
quarters, dimes, and nickels, can have a value of $3.10. 


Letting g, d, and n, respectively, represent the number of quarters, 
dimes, and nickels, we translate one condition of the problem 


Relations: Familiar and Surprising 91 


into 25q + 10d + 5n = 310. Since there are 20 coins in all, 
n=20-—q-d. 

Substituting for m in the first equation and simplifying, we 
have the relatively simple equation 4q + d = 42. The equation 
4q + d= 42 could be solved by trial and error, but it will 
probably save time to proceed as soows 


42 — 
7) = 10 — oe. To insure 


an integral value for g, the quantity d — 2 must be a multiple of 
4. Set d — 2 = 4k. Then g = 10 — k where k = 0, 1, 2,.... 
Taking, in turn, k = 0, 1, 2,... we have the following. 


Solving for g we have g = 


k d q n total 
0 2 10 8 20 

1 6 9 5 20 

2 10 8 2 20 

3 14 7 —1 (Reject) 


Note the result of taking & > 3. There are, therefore, three 
acceptable ways, as shown in rows 1, 2, 3. 

An alternate method for solving the Diophantine equation 
4q + d = 42 is as follows. Since the greatest common factor of 
4 and | exactly divides 42 there exist integer solutions to the 
equation. 

By observation, one such solution is g = 10, d = 2. As a 
result of subtracting 4(10) + (2) = 42 from 4q + d = 42, we 


get 4q — 10) +d — 2 = 0. Hence" = —4 4? 


t is an integer. Therefore, g = ¢ + 10, and d = 2 — 41. Taking 
integral values of t we have the following. 


= t, where 


t d q n total 
I —2 11 0 (Reject) 
0 2 10 8 20 
—1 6 9 5 20 
—2 10 8 2 20 
—3 14 7 —1 (Reject) 


Note the result of taking ¢ > 1, or t < —3 yields an absurd 
answer; thus there are only three possible answers. 
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4 


Bases: Binary and Beyond 


4-1 Can you explain mathematically the basis for the following correct 


method of multiplying two numbers, sometimes referred to as the 
Russian Peasant Method of multiplication? 

Let us say that we are to find the product 19 X 23. In successive 
rows, we halve the entries in the first column, rejecting the remain- 
ders of 1 where they occur. In the second column, we double each 
successive entry. This process continues until a | appears in column I. 


Ie 


We then add the entries in column II, omitting those that are 
associated with the even entries in column I. 


(19)(23) = (9:2 + 1023) = 9-464 1-23 
(9)(46) = (4:2 + 1)(46) = 4-924 1-46 
(492) = (2-2 +0992) = 2-184+0-92 
(2)(184) = (1-2 + 0)(184) = 1-368 + 0-184 
(1)(368) = (0-2 + 1)(368) = 1 - 368 
437 


The binary nature of this multiplication is shown in the following. 
(19)(23) = (1-24 + 0-23 4+ 0-2? +1-2 4 1)Q3) 
= 1-234 2-23+ 0-23 + 0-23 + 24-23 
= 23+ 464+0+ 0+ 368 = 437 
Iifx = {0,1,2,...,n,...}, find the possible terminating digits 
of x? + x in base 2. 


Whether x is odd or even, x? + x = x(x + 1) is even since, if x 
is odd, x + 1 is even, and if x + 1 is odd, x is even. Therefore, 
in every instance, the terminating digit is 0. 
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4-3 Find the base b such that 72, = 2(27)). 72) means 72 written in 
base b. 


7b + 2 = 2264 7) = 464+ 14. 36 = 12,6 = 4. This value 
is unacceptable since there is no digit 7 in base 4. 


Challenge 1 Try the problem for 73, = 2(37,). 
7b +3 = 2364+ 7) .b= 11 


4-4 In what base b is 441, the square of an integer? 


441, = 4b? + 464+ 1 = (26+ 1)?. Therefore, 441, is the 
square of an integer in all bases b > 4, as 4 must be a member of 
the set of digits to be used in base b. 


ILLUSTRATION 1: 4415 = (215)? 
ILLUSTRATION 2: 44119 = (2119)? 
ILLUSTRATION 3: 44112 = (2112)? 


Challenge 1 If N is the base 4 equivalent of 441 written in base 10, 
find the square root of N in base 4. 


441.9 = 12321, = 1°44 4+2-44 43-47 42-441 
= (1-47 41-44 )2=N 
VN = 1114 


Challenge 2. Find the smallest base b for which 294, is the square of 
an integer. 
294, = 267 + 96 + 4 = (264+ 1064+ 4) 
Since 294, is even and 2b + 1 is odd, then b + 4 is even 
so that b is even, and b > 10. (Why?) It follows that 
each factor is the square of an integer. 


If b = 10, then 25+ 1 = 21, not the square of an 
integer. 

If b = 12, then 26+ 1 = 25 = 57 andb+ 4 = 16 = 4”. 
VERIFICATION: 294,2 = 2:127+9-124+4= 

(1-12 + 8)? = (18,2)? 


COMMENT: The next larger base is 60. Verify. 
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4-5 Let N be the three-digit nwnber a,a2a3 written in base b, b > 2, 
andletS = a, + a2 + a3. Prove thatN — Sisdivisiblebyb — 1. 


PROOF: 

N = a,:6? + az:b+ 3 

ai(6—14 1)?+ ab -—14+1)+ a, 

ax(b — 1)? + 2a,(6 — 1) + a, + a2(b — 1) + ag + 43 
Na Sax baal ee =) 


ll 


Since the right side of this last equality is divisible by 6 — 1, 
so is the left side. 


4-6 Let N be the four-digit number apa,a2a3 (in base 10), and let N’ 

be the four-digit number which is any of the 24 rearrangements of 
the digits. Let D = |N — N’|. Find the largest digit that exactly 
divides D. 
Since N = ag: 10° + a, - 10? + a2-10 + a3 = ao(9 + 1)? + 
a,(9 + 1)? + a2(9 + 1) + a3, we can express N as 9K + ag + 
a, + a@2+ a3. Similarly, N’ = 9K’ + ag + a, + ao + a3. 
Therefore, D = [9K — 9K’| = 9|K — K’|, so that D is exactly 
divisible by 9. 


4-7 Express in binary notation (base 2) the decimal number 6.75. 


This one is easy enough to do without a formal procedure. The 
fractional part .75 = ; and can be expressed as s+ . The 
integral part 6 is equivalent to 1-27 + 1-240. 
Therefore, 6.75 = 1°27? +1-240+5+5% 

= 1-27? 41-240-29+1-27'4 1-273, 
so that 6.75 (base 10) = 110.11 (base 2). 


Challenge 1 Convert the decimal number N = 19.65625 into a binary 
number. 


For less simple cases we may need a formal procedure. 
(a) For the integral part of N, 19, we obtain the non- 
negative integral powers of two as follows. 


19 = ay + 2(ax—1) + 27(ax-2) + -** + 2*- (a1) M 
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Divide equation (I) by 2; the remainder 1 of the left 
side equals the remainder a, of the right side. Removing 
these remainders we now have 


9 = ay_1 + 2(Qe-2) + 27-3) + °°. =D 


Divide equation (II) by 2; again the remainder 1 of 
the left side equals the remainder a;,_, of the right side. 
Removing these remainders we now have 


4 = a_2 + 2,3) + 27%x_g) + --*. CIID 


Divide equation (III) by 2; the left side remainder 0 
equals the right side remainder a,_2. Continuing in this 
manner we find that the process ends in two more steps 
with a,.3 = O and a,_4 = 1. 

Reassembling these partial results we have 


1-244+0-27+0-2741-241 
= 10011 (base 2). 


19 


(b) For the fractional part of N, .65625, we obtain the 
negative integral powers of 2 as follows. Let 0.65625 = 


= + on + a3 + +++, For convenience, however, we 
65625 21 
reduce 100000 to 5 zp 80 that 


oe the equation above by 2, we obtain $5 =1+4 
10 
r =1 , 7 , so that b; = 1. Multiplying 3 a 2, we 


have © =0+2 a so that bp = 0. Multiplying 2 by 2, 
we ae * = I +4 4? 80 that b3; = 1. Multiplying : by 


2, we have O + 3, so that b, = 0. Finally, 5 X 2 = 1, 


so that 6b; = 1, and the process ends. 
ce a partial results we find 0.65625 = 


2 ;+3 = ss x +5 a +3 =; = -10101 (base 2). 
Therefore, 19.65625 fon 10) = 10011.10101 (base 2). 
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Challenge 2. Does the (base 10) non-terminating expansion 5.333... 
terminate when converted into base 2? 


As a first consideration we ask ourselves, which 
reduced proper fractions have decimal expansions that 
terminate? Answer: Those whose denominators contain 
only the factors 2 and 5, exact divisors of 10. It would 
seem reasonable to conclude that reduced fractions whose 
denominators contain only the factors 2 will have 
terminating expansions in the base 2. 

This was illustrated above with the decimal! 0.65625, 
which became .10101 in the base 2. Additional illustra- 
tions follow. 


ILLUSTRATION 1: We return to the problem above and 
convert the decimal 5.333 .. . into a “‘binimal” [the word 
binimal is an ad hoc invention]. 


5=1-274+0-2+41..5 (base 10) = 101 (base 2) 
1 ft 2 2 1 
333...= 5°53 X2=04+5°5X2=14+5 


From this point on the digits 0 and 1 repeat endlessly. 
Therefore, 5.333 .. . (base 10) = 101.010101 . . . (base 2). 
This establishes that 5.333... (base 10) does not termi- 
nate when converted to base 2. 


ILLUSTRATION 2: Even a terminating expansion in base 10 
may become non-terminating in base 2. For example, 
8.60 (base 10) = 1000.10011001 . . . (base 2). 


ILLUSTRATION 3: Convert the decimal 8.60 into a quinimal 
(base 5). 
ANSWER: 8.60 (base 10) = 43.3 (base 5) 


ILLUSTRATION 4: Convert the decimal 8.60 into a senimal 


(base 6). 

ANSWER: 8.60 (base 10) = 12.333... (base 6) 
ILLUSTRATION 5: Convert the decimal 5.333... into a 
senimal. 

ANSWER: 5.2 


ILLUSTRATION 6: Convert the binimal 111.001 into a 
senimal. 
ANSWER: 11.043 


4-8 


4-9 


4-10 
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Assumer = {6, 7, 8,9, 10} andi <a <r. If there is exactly one 
integer value of a for which y , expressed in the base r, is a termi- 
nating r-mal, find r. 


Try, in turn, each meee: of the ie r. For r= 6, there are 2 


3 

terminating r-mals, to wit, 5 = gan nd 3 7 = 2." 
For r = 7, there are no ic aieiie catia 
For r = 8, there are 2 terminating r-mals, to wit, = ; and 
1 2 
A BS ‘ 
For r = 9, there is just 1 terminating r-mal, to wit, = = 3° 

5 
For r = 10, there are 2 terminating r-mals, to wit, ; = and 
1 2 
5~ 10 


The answer is, therefore, r = 9. 


From the unit segment OA extending from the origin O to A(I, 0), 
remove the middle third. Label the remaining segments OB and CA, 
and remove the middle third from segment OB. Label the first two 
remaining segments OD and EB. Express the coordinates of D, 
E, and B in base 3. 


OB = ~, so that the coordinates of B in base 3 are (.1, 0). 

OD = =3 + = ; so that the coordinates of D in base 3 are 
(.01, 0). 

OE = 5 = 3 + 2 , so that the coordinates of E in base 3 are 
(.02, 0). 


These points are elements of the Cantor Set which is the set of 
points formed from the closed interval [0, 1] by removing first 
the middle third of the interval, then the middle third of each 
remaining interval, and so on indefinitely. 


Assume that there are n stacks of tokens with n tokens in each 
stack. One and only one stack consists entirely of counterfeit 
tokens, each token weighing 0.9 ounce. If each true token weighs 
1.0 ounce, explain how to identify the counterfeit stack in one 
weighing, using a scale that gives a reading. You may remove 
tokens from any stack. 
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If all were true tokens, the total weight would be n? ounces. 
Since the counterfeits are lighter, there is an overall deficiency of 


1 
jo 7 ounces. However, thinking in terms of the overall deficiency 


is not helpful since the situation is unchanged whether the counter- 
feit stack is the first, the second, the third,..., or the n-th. 

We must find a way to vary the deficiency in a controllable 
way! 

Label the stacks 1, 2, 3,...,#. From the first stack take one 
token, from the second stack, two tokens,..., from the i-th 
stack, i tokens, 1 < i < n. Weigh the collection so obtained. 


If all the tokens were true, the weight would be 5n(n +1) 
ounces. (See Appendix VII.) ree weight actually obtained will be 
less than this amount by, say, 15 9 Ounces. This is the key to the 


solution since a deficiency of = ounces implies k counterfeit 


tokens. Since k tokens came from the k-th stack, it is the counter- 
feit stack. 
For example, if the number of stacks is 10, we weigh 1 + 


2+:---4+10= 5 (10)(11) = 55 tokens. If they were all true, the 


weight would be 55 ounces. Let us say that the deficiency is 


1 3 1 1 
3 ounce. There are, therefore, 5 counterfeit tokens since k - jo 2 


implies that k = 5. The counterfeit stack is the one numbered 5. 


Challenge 3. Solve the generalized problem of n stacks with n tokens 
each, if each true token weighs t ounces and each counter- 
feit weighs s ounces. Then apply the result to Problem 4-10 
and its challenges. 


For a deficiency of r ounces, t > s, the counterfeit stack 
is moe . For na excess of r ounces, ¢ < 5, the counter: 


feit ark is —— - A single answer for both cases is ia 


How do you interpret a non-integral value of al ? 
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5 Equations, Inequations, and Pitfalls 


2x 4 


x—-2  x-2. 


5-1 Find the solution set of the equation 


A formal procedure yields 2x = 4, x = 2. But x = 2 is an 
unusable result since it leads to division by zero. 
EXPLANATION: To obtain a root of an equation the steps in the 
solution must be reversible. Put another way, each succeeding 
equation in the solution must be equivalent to the preceding one; 
that is, the manipulations must produce logically equivalent sen- 
tences since logically equivalent sentences define the same set. 
From x = 2 it is permissible to go to 2x = 4, but to go from 


2x 4 
2x = 4 to wag eed 
division by zero. Therefore, the solution set is the null set. 


is not permissible since it involves 


5-2 Find the pairs of numbers x, y such that a x — 3. 


eo 

2y —7 
For 2y —7 #¥ 0, x —3 = (* —3)Qy —7) ©..@-—3)X 
(y — 7 — 1) = 0. For any real value of y, except 354 x = 3, 


and for any real value of x, y = 4. 


5-3 Find all the real values of x such that |\/x — </2| < 1. 


Sincee —1 < Vx — V2 <1, V2-1<Vx<V241, we 
have, upon squaring the inequalities, 3 — 2\/2 < x <3 + 2,/2. 

Therefore, x can have any value between 0.172 (approx.) and 
5.828 (approx.). 


Challenge Let the set of all values of x satisfying the inequalities 
|x — 8| < 6 and |x — 3| > 5 be written asa<x <b. 


Find b — a. 
Since |x — 8| < 6,x — 8 < 6,andx —8> —6...x < 14, 
and x > 2. 


$53 


Similarly, from |x — 3| > 5 we find x < —2, or x > 8. 
The overlap of these intervals is8 < x < 14,..5 -—a = 6. 
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In Fig. S5-3, the values of x satisfying the inequalities 
|x — 8| < 6 are shown by the solid line; those satisfying 
the inequalities |x — 3] > 5, by the two arrows. The 
overlap consists of x-values greater than 8 and less than 14. 


5-4 Find all values of x satisfying the equation 2x = |x| + 1. 


5-6 


Since the right side of the equation is positive for all values of x, 
the left side must also be positive, so that x > 0. °.2x = x 4+ 1, 
x=. 


It is instructive to look at a geometric interpretation of this 
equation, as shown in Fig. S5-4. The graph of y = 2x is (1), a 
line through 0. The graph of y = |x| + 1 is (2), the V-shaped 
broken line. The graphs intersect at point P where x = 1. 


Find values of a and b so that ax + 2 < 3x + b/foralix <0. 


METHOD 1: Rearranging, we have x(a — 3) < 6 — 2. Comparing 
this inequality with mx < 0, which holds for all x < 0 and all 
m > 0, we conclude that a — 3 > 0 and 6 — 2 = 0, so that 
a> 3and 6 = 2. 


METHOD 11: Let x’ = —x when x < 0, x’ > 0..ax’ > 3x’ for 
a>3. /.ax'+2> 3x'+ 2, a> 3. Comparing this in- 
equality with the given inequality, we see that b = 2,a > 3. 


Find all positive integers that leave a remainder of \ when divided 
by 5, and leave a remainder of 2 when divided by 7. 
N= 564+1=7a+2 so that b= “** and a= >=". 


For 6 to be an integer a must leave a remainder of 2 when divided 
by 5; that is, a = 5k + 2. Similar reasoning leads to the result 
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6=7L+ 3. Therefore, N = 7(5k + 2)+ 2 
where k = 0, 1, 2,..., or N= 57L4+3)4+ 1 
where L = 0,1, 2,.... 


35k + 16, 
35L + 16, 


Challenge 2 Solve the problem with the first remainder 1 <1, < 4, 
and the second remainder 1 < rz. < 6. 


N = 56+ r; = 7a+ rq so that b = 5 
56 +71 — Pre oS 
=. To obtain integral 6, 7a + re — ry 
must be divisible by 5, so that a = 5k + 2req — 2ry. 
Similar reasoning leads to the result b = 7L + 3rq — 3ry. 
Therefore, 
N= 7(5k + 2ro = 2r1) + fo = 35k + 15ro = 14r,, 
or N= SQL + 3re = 3ry) + n= 35L + 15r> — 14r,. 
Verify the solution to the original problem by using this 
result. 


7 wy 
LL a mae Pama py 


5-7 On a fence are sparrows and pigeons. When five sparrows leave, 
there remain two pigeons for every sparrow. Then twenty-five 
pigeons leave, and there are now three sparrows for every pigeon. 
Find the original number of sparrows. 

p s—5 
s-s5. 2; p — 25 
(sparrows) and p = 30 (pigeons). 


= 3. Solve simultaneously to get s = 20 


Challenge 1 Replace “‘five”’ by a and “twenty-five” by b, and find s and 
p (the number of sparrows and the number of pigeons, 
respectively). 


ANSWER: p = °, s=act > . Note that, for this 
problem to be meaningful, 6 must be a multiple of 5. 


Challenge 2 Solve the problem generally using 1, and To, respectively, 
for the two ratios, and a and b as in Challenge 1. 


~a_ 
c= 8 Tis > Boo 2 
oie Be = — re 
pap Tie and p Ani (4). 
Petco = 
aa ey 7 and s = a+ ©). 


Check the first answers by these formulas. 
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5-9 


5-10 


SOLUTIONS 


A swimmer at A, on one side of a straight-banked canal 250 feet 
wide, swims to a point B on the other bank, directly opposite to A. 
His steady rate of swimming is 3 ft./sec., and the canal flow is a 
steady 2 ft./sec. Find the shortest time to swim from A to B. 


$58 


Since the swimmer must counteract the effects of the current, he 
plans his route in terms of vectors, as shown in Fig. S5-8. Since 
the vector AC plus the vector CB equals the vector 4B, the 
swimmer sets his course in the direction of C. But (4B)? = 
(AC)? — (CB)? = (Gu)? — (2u)? = Su? (Pythagorean Theorem). 


Hence AB = w/5..". 55 = 4, x = a (feet). 


P . 750 250 
The shortest time is wat 3 = Vs seconds. 


Miss Jones buys x flowers for y dollars, where x and y are integers. 
As she is about to leave the clerk says, “If you buy 18 flowers more, 
I can let you have them all for six dollars. In this way you save 60 
cents per dozen.” Find a set of values for x and y satisfying these 
conditions. 


100y 600 6 y 6 1 
x x+i18 °° #12?x «+18 £20 


Both A 2S Oe x= 12,y = 3 


We note that the equation is in the form 
x+ta+i x+a+2 xta+3 x+a4+4 
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We can, therefore, solve the problem for an arbitrary value of a 
with no more difficulty than for the particular value 4. 
SOD the two fractions on the left, we obtain 


TORT ; combining the two on the right, we obtain 
1 


tate tats  Fherefore, (x oe +at+l)= 
(x + a+ 2)(x + a + 3), and sox = ——3—- 


For the particular value a = 4,x = — a 


COMMENT: In unsimplified form 


(a + 2)a + 3) — ala + 1) ; 
{((a+2)+a4+4+ 3] - [a+ (a+ 1)] 


x= 


The contents of a purse are not revealed to us, but we are told that 
there are exactly 6 pennies and at least one nickel and one dime. 
We are further told that if the number of dimes were changed to 
the number of nickels, the number of nickels were changed to the 
number of pennies, and the number of pennies were changed to the 
number of dimes, the sum would remain unchanged. Find the 
least possible and the largest possible number of coins the purse 
contains. 


An obvious solution is 6 dimes, 6 nickels, and 6 pennies. But are 
18 coins the least possible? Or the largest possible? 

If d and n, respectively, represent the number of dimes and the 
number of nickels, the condition of constant sums is translated 
into 10d + 5n + 6 = 5d+n-+ 60, with nm > 1, d> 1. More 
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simply, we write 5d = 


eos 2 4n —4 ‘ 
be a positive integer, ——;— must be an integer less than 10. 


Since n < 13, the only acceptable values for n are 11, 6, and 1. 
The corresponding d-values are 2, 6, and 10. (See Fig. S5-1 1a.) 

The three possibilities are, therefore, 2 dimes, 11 nickels, 6 
pennies; 6 dimes, 6 nickels, 6 pennies; 10 dimes, 1 nickel, 6 
pennies. The first combination has 19 coins, the largest possible 
number, and the third combination has 17 coins, the least possible 
number. 

In this instance, the largest combination of coins yields the 
smallest amount, while the smallest combinations of coins yields 
the largest amount. We will return to this reversal shortly. 


Challenge 1 How does the situation change if the number of nickels is 
6, and the number of dimes and the number of pennies are 
unspecified, except that there must be at least one of each? 


Here, again, an obvious solution is 6 dimes, 6 nickels, 
and 6 pennies. But, again, we ask whether 18 coins is the 
maximum, the minimum, or neither. 
10d + 30+ c¢ = 5d+ 64 106, 
"5d = 9¢ — 24,d = X= 


5 
Se — 24 De : 
For Se to be a positive integer, c must have the 


form 5k + 1, where k = 1, 2,.... Acceptable values of 
c are 6, 11, 16,..., with 6, 15, 24,... as the corre- 
sponding d-values, as shown in Fig. S5-11b. There are, 


Challenge 2 


Challenge 3 


Equations, Inequations, and Pitfalls 105 


therefore, an endless number of coin combinations, the 
first three of which are 6 dimes, 6 nickels, 6 pennies; 
15 dimes, 6 nickels, 11 pennies; 24 dimes, 6 nickels, 16 
pennies. Here there is no largest combination of coins, 
and the smallest is the 6-6-6 combination. 


What solution is obtained if the number of dimes is 6, but 
the nickels and pennies are unspecified? 


The number of possibilities is endless. The first three are 
6 dimes, 6 nickels, 6 cents (the smallest combination); 
6 dimes, 15 nickels, 10 cents; and 6 dimes, 24 nickels, 14 
cents. There is no largest combination. (See Fig. S5-11c.) 


Explain why, in the original problem, the least number of 
coins yields the greatest value, whereas in Challenges 1 
and 2 the least number of coins yields the smallest value. 
Consider the original simplified equation d= 10 — 
a = 4 . By adding n + 6 to both sides we have d + n + 
_ 844n 
cS 5 


total number of coins, N; the relation shows that as n 
increases on the right, NV, too, increases. 


. The left side of this equation represents the 


4n 


By multiplying the equation d = 10 — z 2 by 10, 


and adding to both sides 5n + 6, we obtain 10d + 5n + 
6 = 114 — 3n. The left side of this equation represents 
the total value of the coins, V; the relation shows that as 
n increases on the right, V decreases. 
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On the other hand, in Challenge 1 we have 


da XI Therefore, N=d+6+c=~o¥y 


6+c. As ¢ increases, N increases also. V = 10d + 
30 + c = 19c — 18, and, as c increases, V increases. 


Challenge 4 Investigate the problem if there are exactly 6 pennies, and 


5-12 


5-13 


at least one nickel, one dime, and one quarter. 


There are many possibilities, one of which is 8 quarters, 
4 dimes, 1 nickel, and 6 pennies. 

NOTE: The method used in Solution 3-16 may be used in 
Solution 5-11. 


A shopper budgets twenty cents for twenty hardware items. Item A 
is priced at 4 cents each, item B, at 4 for 1 cent, and item C, at 2 
for 1 cent. Find all the possible combinations of 20 items made up 
of items A, B, and C that are purchasable. 


Representing the quantities of items A, B, and C, respectively, by 
x, y, and z, we translate the given statements into x + y + z= 20 
and 4x + ; yt 52 = 20. These equations imply that y = 
14x — 40 and z = 60 — 15x. 

To avoid fractions of a cent, z must be even and y must be a 
multiple of 4. But, since z < 20 and y > 0, x must be 4. However, 
this value of x makes z = 0, and the system of equations is 
inconsistent. 

To obtain a mathematical solution we must allow z to be odd. 
It follows, then, that x = 3, y = 2, and z = 15. These values 
satisfy the quantity equation and also the cost equation. From a 
commercial point of view, however, this may be an unsatisfactory 
answer. 


Partition 75 into four positive integers a, b, c, d such that the 
results are the same when 4 is added to a, subtracted from b, 
multiplied by c, and divided into d. To partition a positive integer 
is to represent the integer as a sum of positive integers. 


The given information implies six equalities which have the 
compactforma+4=6—4=4c= < . Therefore, b =a+8, 
c= f+, d= 4a+ 16. Also, sine at+b+c+d=75, 
ata+8+54+1+4 4a+ 16 = 75. Therefore, a = 8, b = 
16,c = 3,d = 48. 
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Challenge 2. Partition 100 into five parts a, b, c, d, e so that the results 


are the same when 2 is added to a, 2 is subtracted from b, 
2 is multiplied by c, 2 is divided by d, and the positive 
square root is taken of e. 


at+2=b-2=2%=f=Ve 
a@ta+4454+14+2a+4+4+a7 + 4a4 4 = 100 
"2a? + 17a — 174 = Qa + 29)(a — 6) = 
‘..a=6,b = 10,c=4,d= 16,e = 64 


. Sees 29 
Explain the rejection of the resulta = — = 


5-14 Two trains, each traveling uniformly at 50 m.p.h., start toward 


5-15 


each other, at the same time, from stations A and B, 10 miles 
apart. Simultaneously, a bee starts from station A, flying parallel 
to the track at the uniform speed of 70 m.p.h., toward the train 
from station B. Upon reaching the train, it comes to rest, and 
allows itself to be transported back to the point where the trains 
pass each other. Find the total distance traveled by the bee. 


We designate by X the point where the bee alights upon the train 
from B. (See Fig. S5-14.) If 4 designates the fractional part of one 


70h 50h 
Me SS 
$5-14 
hour cane which the bee flies, 70h + 50h = 10, h = — > and 
AX = haan The distance it is transported back is xm = 


5 — 50 (2) = < (miles). The total distance is, therefore, 


70 7 ee 
b = 65 (miles). 


NOTE: M is the midpoint of AB. 


One hour out of the station, the locomotive of a freight train 
: 3 , 
develops trouble that slows its speed to 3 of its average speed up 


to the time of the failure. Continuing at this reduced speed it 
reaches its destination two hours late. Had the trouble occurred 
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5-16 


5-17 


50 miles beyond, the delay would have been reduced by 40 minutes. 
Find the distance from the station to the destination. 


Representing this distance by x (miles) and the normal speed by 
3 , D ‘ x 
r (miles per hour), we have, since T = R° normal time = : 


and the actual time = = + 22 
-—r x 50 x-—r- 50 
7 = +2, and So = 


5 5 
= + ; This pair of equations implies that x = 200 (miles). 


x 


Therefore, 1 + 


Verify. 


Two trains, one 350 feet long, the other 450 feet long, on parallel 
tracks, can pass each other completely in 8 seconds when moving in 
opposite directions. When moving in the same direction, the faster 
train completely passes the slower one in 16 seconds. Find the speed 
of the slower train. 


With the conditions given, is it possible for the trains to have 
the same speed? Obviously not. So the essential question is, 
how fast, relatively, are the ends of the trains being separated 
from each other? 

Letting f (feet per second) represent the speed of the faster 
train, and s (feet per second), the speed of the slower train, the 
relative speed, when the trains are going in opposite directions, 
is f + s, and the relative speed, when they are going in the same 
direction, is f — s. In either case, the distance traveled is 
350 + 450 = 800 (feet). 

Since (relative) rate X time = distance, we have (f + 5)8 = 
800 and (f — s)16 = 800. This pair of equations is easily solved, 
yielding the values f = 75 and s = 25 (feet per second). 


The equation 5(x — 2) = To + 2) is written throughout in 
base 9. Solve for x, expressing its values in base 10. 


METHOD I: We work throughout in base 9. Multiplying both sides 
of the equation by 7, we have 38(x — 2) = 27(x + 2), 38x — 
77 = 27x + 55, 11x = 143, x = 13 (base 9).". x = 12 (base 10). 
METHOD U1: We translate into base 10. Multiplying both sides of 
the equation by 7, we have 35(x — 2) = 25(x + 2), 35x — 70 = 
25x + 50, 10x = 120, x = 12 (base 10). 
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5-18 Find the two prime factors of 25,199 if one factor is about twice 
the other. 


Let the factors be aand b witha ~ 26. Then ab ~ 2b? =~ 25,200, 
b? = 12,600, b = 110. Since 4 is prime, 6 # 110 or 111 or 112. 
Try 6 = 113. Since 25,199 + 113 = 223, the factors are 113 
and 223. 


Challenge Find the three prime factors of 27,931 if the three factors 
are approximately in the ratio 1:2:3. 


Let the factors be a, 6, c with b ~ 2a and c ~ 3a. Then 
6a° = 27,931, a? = 4655. Since 16° = 4096 and 17° = 
4913, we may take a = 17. Since 27,931 + 17 = 1643, 


then bc ~ 55? = 1643, and 6? ~ 1095. Therefore, 6 ~ 


33, and since 6 ~ 2a, the choice for 6 is narrowed to 31 
or 37. Of these two, 31 is an exact divisor of 1643, with a 
quotient 53, while 37 is not. The factors are, therefore, 17, 
31, and 53. 


5-19 When asked the time of the day, a problem-posing professor 
answered, “If you add one-eighth of the time from noon until now 
to one-quarter the time from now until noon tomorrow, you get 
the time exactly.” What time was it? 


oe h ene) represent the Hine interval from noon to now. 

eh 1(24—h) = h, h = 55. The time was aida 

In essence, this problem is siiiaeat to the tollowing. If to 5 > 

of a given quantity, you add 6 and then subtract 5 of the sacauiy, 

the result equals the original quantity, x. In symbols, 
*+5Q4-x= x. 

Challenge 1 On another occasion the professor said, “If from the 

present time you subtract one-sixth of the time from now 


until noon tomorrow, you get exactly one-third of the time 
from noon until now.” Find the present time. 


1 
h—-7Q4-h=; 


Time: 4:48 P.M. 
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5-20 Solve * + ; = t for integer values of x, y, and z. 


§-21 


2 


For y 


z 
x—-z° 


z? = 2? 
must be integral. Let w = so that 


x—Zz x—Z 


x= z+2, and y = z+ w. Hence, both x and py will be 


Expressing y in terms of x and z, we have y = z + 


to be integral 


integers satisfying the given equation if z = kw, w an integer, 

k = +1, 4+2,.... (Does this generate all solutions?) 

ILLUSTRATION 1: Let w = 1, k = 1. Then x = 2, y = 2,z = 1, 

and 5 + ; = 1. 

ILLUSTRATION 2: Let w = 3, k = 5. Then x = 90, yp = 18, 
1 1 1 

2 15, and 55 + 7g = 15° 

ILLUSTRATION 3: Let w = —2, k 

1 1 


1. Then x = —4, y= —4, 


ILLUSTRATION 4: Let w = —5, k = —2. Then x = —10, y = 5, 


1 1 1 
z= 10, and jot so to" 
ILLUSTRATION 5: Investigate the case of w = —5,k = —1. 


Prove that, for the same set of integral values of x and y, both 
3x + y and 5x + 6y are divisible by 13. 


Let k = 3x+ y, k an integer, so that x = as Since x is 
prescribed an integer, os must be an integer. Let u = = y, 
so that x = uand y = k — 3u. 

By substitution we have 5x + 6y = 5u-+ 6k — 18u = 
6k — 13u. Since we are concerned with divisibility by 13, let 
k = 13m. Therefore, 3x + y = 3u+ k — 3u = 13m, and 
5x + 6y = 13(6m — u), both divisible by 13 for the values 
x = uand y = 13m — 3u(m is an integer). 

Start with the second expression 5x + 6y and proceed in an 
analogous manner to obtain 5x + 6y = 13” and 3x + y= 
13(—2n + v), both divisible by 13 for x = —13n + 6v and 
y = 13n — 5v(@ is an integer) 

ILLUSTRATION: Let u = 3, m = 2. Then x = 3, y = 26-9 = 
17. Hence, 3x + y = 94+ 17 = 2-13, and 5x + 6y = 154 
102 = 9- 13. 
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6 Correspondence: Functionally 
Speaking 


6-1 Define the symbol f(a) to mean the value of a function f of a variable 
n when n= a. If f(1) = 1 and f(n) = n+ fm — 1) for all 
natural numbers n > 2, find the value of £(6). 


Rewrite the formula asf(m)-—f(n-l)=n. (6) —f(5) 
By “telescopic” addition the left side (5) —/(4 
becomes ((6) — f(l). The right side is (4) — f(3) 
24+34+44+5+46 = 20. Therefore, f(3) —f() 
S(6) = fC) + 20 = 21. £2) — FQ) 


aw wea 
NW UN 


Challenge 2 Jf f(1) = 1 and f(n) = n+ f(n — 1) for ail natural 
numbers n > 2, show that f{(n) = sn (n + 1). 


Rewrite the equation f(n) = n+ f(a — 1) as f(n) — 
fim-—De=n. 
fi) -—fa-—N)=n 
fa@—l))-—f@—22j=n-1 
f(a —2)-f(@-—3=n-2 


£G) — fQ) = 3 
£2) —fQ) = 2 
By “telescopic” addition of these n — 1 equations, the 


left side becomes f(n) — f(1). The right side is 2 + 3 + 
++ +n, Therefore, 


f(t) =f) 24+34---4n 
=14+2+4+34:°::-4+n 


=5n(n+1) (See Appendix VII.) 
When a sequence is defined by giving the initial term (or 


initial terms) and a formula for finding the successor of 
any term, we say that the sequence is defined recursively. 
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Each of the following (partial) tables has a function rule associating 
a value of n with its corresponding value f(n). If f(n} = An + B, 
determine for each case the numerical values of A and B. 


(ayn{fm) ©) nifm ©no{f@ @alfm © 4 /fm 


CAL W Wet Na 
wmlLN Wie Nl 


Some of this can be done by inspection. For example, in (a) we 

. 1 1 1 2 3 2 : 
notice that 5 + 5 = l3gt3z= Lots l.o.n+f(m=1 
so that f(n) = 1—a, A = —1, B= 1. 

S35 1 4 1 7 2 

In (b) we notice 5 — 5 = 32-4 Loe at 
f(r) —n= lsothaf@=n4+1,4=1, B= 1. 

For more difficult cases, a formal procedure may be required. 
We illustrate for (c). Using values in the table, we determine that 


0=5A+8B, @ 
1 1 
z= g4t+B. (dl) 


Subtract equation (II) from equation (I). 


+ A, therefore, A = —2. 
0 = —1+ B;so B= landf(n) = I — 2a. 


eae 
;= 


Note that, in this formal procedure, only two sets of values 
need be used. The third is useful for checking the accuracy of the 
work. For example, if it appears that f(n) = 1 — 2n, Then 


=1-2 (G) ; ; = confirms the validity of the formula. 


Do tables (d) and (e), either by inspection or by a formal proce- 


dure. The answer to (d)is f(n) = n + ; , and to (e) f(n) = n — * 


In a given right triangle, the perimeter is 30 and the sum of the 
squares of the sides is 338. Find the lengths of the three sides. 
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Letting the lengths of the hypotenuse and the legs be designated 
by c and a and 8, respectively, we have (Pythagorean Theorem) 


c? = a? + 6b’; thus, c? + 6? + a? = 2c? = 338 
“.c? = 169,c = 13, and a? + 6? = 169. 


Using the remaining given information we have 


atb+c= 30,a+6+ 13 = 3,a+6= 17,a=17-—6 
“. (17 — 6)? + b? = 169, b? — 176 + 60 = 0, 
(6 — 12) — 5) = 0. 


So b is either 12 or 5, and a, accordingly, is either 5 or 12, The 
sides are, therefore, 5, 12, and 13. 


Challenge Redo the problem using an area of 30 in place of the perimeter 
of 30. 


Repeating the first part of the solution above, we have 
c = 13 and a? + 5? = 169. Since 5 ab = 30, 2ab = 120. 


By addition a? + 2ab + b? = 289, and by subtraction 
a? — 2ab + b? = 49. 


Soa+5=17,a-—b=7..a= 12,6 = 5. 


We could with equal right say,b + a = 17,6 —-a=7 
..6 = 12, a = 5. It is immaterial which leg is identified 
by a. 

Why do we reject the values —17 and —7 when taking 
the square roots of 289 and 49, respectively? 


6-4 A rectangular board is to be constructed to the following specifi- 
cations: 
(a) the perimeter is equal to or greater than 12 inches, but less 
than 20 inches 
(b) the ratio of adjacent sides is greater than 1 but less than 2. 
Find all sets of integral dimensions satisfying these specifications. 


METHOD I: Represent the larger and smaller dimensions by x and 
y, respectively. In Fig. S6-4 are pictured the four inequalities: 
(1) 2x + 2y < 200rx+ yp < 10(2)2x + 2y > l2orx+y> 6 


3)5 > 1 (4)5 Para 
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The common part of the four regions represented by these ine- 
qualities is the shaded quadrilateral. 

The required sets are the coordinates of the interior lattice 
points, namely, (4, 3), (5, 3), and (5, 4). Check these three sets of 
dimensions against the given information. 


METHOD II: 


Since x + y < 10,y < 10—x 
Since = > ly<x 
Sinceex+y> 6y>6-—x 
Since © < 2, 2y>x 


| ..2y < 10 and y < 5. 
| ..3> 6 and y > 2. 


Consequently, the possibilities for y are 3 and 4. Since y < x 
but 2y > x, the possible values for x are 4 and 5. The acceptable 
combinations are, therefore, (4, 3), (5, 3), and (5, 4). 


Find the range of values of F = rea for real values of x. 


F is never negative. (Why?) 
The numerator is least when x = 0, and when x = 0, the 
value of the denominator is 1. Therefore, F(minimum) = 0. 
One way to find F(maximum) is as follows. By dividing 


2 
numerator and denominator by x”, F = = becomes F = 
1 


. F will be largest when the denominator x? + 4 
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. 1 Fs 1 
Since x?-— = 1, the sum x? 4+ - is least when x? = 
x? x? 


ye? 
that is, whee x = +1 or —1. (See Appendix III.) For these values 

of x, x? +2 = = 2. Therefore, F(maximum) = a" 

The range of values of F is the interval [0, a 
Challenge Find the largest and the least values of f = 3 for x> 0. 


5 
asa a yout results Ss the followiig: 


1 
f= 23 = =: When x = 0, f = 15, the least 


value. As x grows larger without bound, the fraction Para 
grows smaller. Therefore, f grows larger, approaching the 
limiting value 2. A maximum value for f is not achieved. 

The value 2 is designated a supremum, a least upper 
bound. 


The situation is pictured in Fig. S6-5. 


$6-5 


6-6 Determine the largest possible value of the function x + 4y 
subject to the four conditions: (1) 5x + 6y < 30 (2) 3x + 2y < 12 
B)x20@y2 0. 


Constraints (1), (2), (3), (4), jointly, are represented as the shaded 
area in which we must find the maximum value of x + 4y. See 
Fig. S6-6. The equation x + 4y = k represents a family of 
parallel lines, some of which intersect the area in question. 

From (1) we have y < 5 when x = 0, and from (2) we have 
y < 6 when x = 0. Hence, the largest permissible value of y 
is 5, occurring when x = 0. 
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It follows that the maximum value of x + 4y, subject to the 
given constraints, is 20. 


6-7 Let us define the distance from the origin 0 to point A as the length 
of the path along the coordinate lines, as shown in Fig. S6-7, so 
that the distance from 0 to A is 3. 

Starting at 0, how many points can you reach if the distance, 
as here defined, is n, where n is a positive integer? 


When n = 1, there are obviously 4 points on the coordinate 
axes. When n = 2, there are 8 points (2 - 4), one in each quadrant 
and four on the axes. 

We can now guess that the answer is 4n. Let us prove it. 
When n = 3, the 12 points (3-4) reached have coordinates 
(3, 0), (2, 1), (1, 2), (0, 3), and their reflections in the x-axis, 
the y-axis, and the origin, namely, (2, —1), (—2, 1), (—2, —1), 
(1, —2), (-1, 2), (-1, —2), and 3, 0) and (0, —3). 

We note that, with respect to integer addition, the number 3 
has four partitions: 3 + 0, 2 + 1, 1 + 2, 0 + 3. These give us 


6-8 


f(1)=2 f(2)=4 
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the four points (3, 0), (2, 1), C1, 2), (0, 3). Corresponding to (2, 1) 
are the three reflections (2, — 1), (—2, 1), (—2, —1); correspond- 
ing to (1, 2) are the three reflections (1, —2), (—1, 2), (—1, —2); 
corresponding to (3, 0) is the single reflection (—3, 0); and cor- 
responding to (0, 3) is the single reflection (0, —3). The total 
number of points is 4 + 4 + 2 + 2 = 12. 

Since 4=4+0=34+1=24+2=1+4+3=0+4 4, we 
may guess that the total number of paths is4+4+4+2+4 
2 = 16. Verify this. 

For the general case we haven =n+0= (n—-1)+ 1 = 
(n—2)4+2=-:-=1+@-—-—1)=0+ 2, 4 total of 241 
partitions. The »— 1 points, (7 — 1,1), (a — 2,2),..., 
(2,n — 2), (i,m — 1), together with their reflections (3 each) 
account for 4n — 4 paths. Four additional paths are provided by 
(n, 0) and its reflection, and (0, n) and its reflection. The total is 
4n— 1) +242 = 4n. 

You may prefer this alternative view. Since there are n + 1 
partitions, we are provided with n + 1 points of which 2 — 1 
points have three reflections each, and two of which have one 
reflection each. Hence, the total number of paths is 4(” + 1) — 
2—2 = 4n, or 4# — DN 4+242 = 4n. 


Given n straight lines in a plane such that each line is infinite in 
extent in both directions, no two lines are parallel (fail to meet), 
and no three lines are concurrent (meet in one point), into how many 
regions do the n lines separate the plane? 


METHOD I: Let f(m) denote the number of regions into which n 
such lines separate the plane. By observation, f(1) = 2, f(2) = 4, 


f£G) = 7. 


$6 8a S6 8b $6 8c 


We note that a second line added to Fig. S6-8a splits each of 
the two regions in two; hence, the second line creates two addi- 
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tional regions. A third line added to Fig. S6-8b splits each of 
three regions in two and creates three additional regions. Similarly, 
a fourth line added to Fig. S6-8c splits each of four regions in 
two, thus adding four regions. Try it! 

Let us, therefore, assume that an n-th line added to the dia- 
gram with m — 1 lines creates n new regions, and proceed to 
derive, in terms of n, an explicit formula for f(n). By telescopic 
addition (see Problem 6-1), 


f(t) =f) +243 4-::40 
ere D4 Feta 
=1+(04+2434:::4+” 

L+5n(n +1) (See Appendix VII.) 


_wetnt2 
mE, 2 


Checking, we find that this formula gives us the known values 
forn = I, 2, 3. 

If we now assume that the formula is correct for a natural 
number k > 3 (it could just as well be kK > 1), we can show that 
it is correct for the successor of k, namely, k + 1. (See Appendix 
VIL) 


fk+)D=f&+k4+1= +k+1 


_ tht 2heMe2 _ KEW + K+ N42 
= 2 We 


k2 +k +2 
2 


Since k + 1 is the successor of kK (where k > 1), the formula 
holds for all natural numbers. 


METHOD 11: By observation we obtain f(1) = 2, f(2) = 4, 
£G) = 7,f/@ = 1. 


A*f(n) 1 1 (Constant) 


The line Af(1) shows the first differences derived from the line 
Sf (n), and the line A?f(n) shows the first differences derived from 
the line Af'(n), or the second differences derived from the line f(7). 
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Since the second differences are constant we represent f(n) by 
a third-degree polynomial f(n) = An® + Bn? + Cn + D, with 
the numerical values of A, B, C, and D to be determined. 


When 
n 
n 
n 


= lwehave 2= A+ B+ C+D, 
= 2wehave 4= 84+ 4B8+2C+ D, 
= 3wehave 7 = 274+ 9B4+3C+ D, 
= 4 we have 1l = 644 + 168+ 4C + D. 


lt 


The solution of this system yields A = 0, B = ; ,C= s, D=1. 


Challenge 1 


Challenge 2 


SQ) =4n? 4 jn +1 = btet? 


Let there be n = r + k lines in the plane (infinite in both 
directions) such that no three of the n lines are concurrent, 
but k lines are parallel (but no others). Find the number of 
partitions of the plane. 


Let f(r, k) denote the number of separate regions. Since 
the &-th parallel crosses r lines, it creates r+ 1 new 
regions, so that f(r,k) = f(r,k — 1} +741. Using 
telescopic addition on the k equations, 


fi, —-fik-YD=rtl 
f@k-D)-f@k-DN=r+i 
f@k-2)-f@k-HDN=rt 


fOD—-fe)=r41 
f@,) -—f¢,0 =r4+1. 
We obtain f(r, k) — f(r, 0) = k(r + 1), so that 
S(r,k) = $7, 0) + kr + 2). 
But f(r, 0) = f) = +++ 


therefore, f(r, k) = orm 


. 


+ k(r + 1). 


Let there be n straight lines in the plane (infinite in both 
directions) such that three (and only three) are concurrent 
and such that no two are parallel. Find the number of plane 
separations. 
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Let f(n — 3, 3) denote the number of regions of separa- 
tion. Consider a typical region R bounded by three lines, 
illustrated in Fig. S6-8d. Let /. and /3 meet in point P. 
Translate or rotate /,; so that it goes through P; the 
region R is eliminated. 


“f(a — 3,3) = SAF? | 


= i a(n + 1) 


$6-8d 


6-9 Define x as a proper fraction when x <1 with N, D natural 


numbers. Let f(D) be the number of irreducible proper fractions 
with denominator D. Find f(D) for D = 51. 


First we note that, at most, there are 50 possible numerators 
beginning with | and ending with 50. 

Now we must remove the reducible cases. Since 51 = 3-17, 
then 3k < 51, k < 16, so that there are 16 reducible fractions 
with multiples of 3 in the numerator. Similarly, 172 < 51,2 < 2, 
so that there are 2 reducible fractions with multiples of 17 in the 
numerator. 


f(D) = (51 — DP — (16 + 2) = 32 
Challenge Find f(D) for D = 52. 


Since 52 = 2?- 13, therefore, 13k < 52, k < 3, 2L < 52, 
and L < 25. However, the case 26 = 2- 13 is duplicated, 
oS (D) = (52 — 12) + 0543-1) = 24. 


7-1 
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7 Equations and Inequations: 
Traveling in Groups 


Let the lines 15x + 20y = —2 and x — y = —2 intersect in 
point P. Find all values of k which ensure that the line 2x + 3y = 
k? goes through point P. 


The solution set of the pair of equations 15x + 20y = —2 
and x — y= —2is{ = —.y= 3}. Therefore, 2x + 3y = 


k? implies that 2 (- ®) +3 () = k? so that k? = 0 and, 
hence, k = 0. 


Let (x, y) be the coordinates of point P in the xy-plane, and let 
(X, Y) be the coordinates of point Q (the image of point P) in the 
XY-plane. If X = x + y and Y = x — y, find the simplest equa- 
tion for the set of points in the XY-plane which is the image of the 
set of points x* + y? = 1 in the xy-plane. 
Since X = x + y, X* = x? + 2xy + y?;andsince Y = x — y, 
Y? = x? — 2xy + y*. Therefore, X? + Y? = 2(x? + y?). Since 
x? + yp? = 1, 2(x? + y?) = 2. Hence, x? + y? = 2. 

In geometric terms, the image set is a circle with center at 
(0, 0) and a radius of length ./2. 


The numerator and the denominator of a fraction are integers 
differing by 16. Find the fraction if its value is more than 9 but 


4 
less than 7" 


Let n represent the numerator of the fraction F. Since F < 1, 
the denominator is greater than the numerator, and son + 16 
represents the denominator. 


: 5 n 
Since 5 < 746° 50 + 80 < 9m, 80 < 4n, and so 20 <n. 


Since, also, < .. Tn < 4n + 64, 3n < 64, andn < 215 , 


ea 

n+ 16 
‘ 3 F 1 

Since n is an integer and 20 <n < 215, n= 21. 


It follows that F = ae 
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7-4If x+ty+2z=k, x+2y+2z=k, and 2x+y4+z=k, 
k + 0, express x? + y? + z? in terms of k. 


Addition of the three equations yields 4(x + py + z) = 3k. 


3k 
xt YtZ= 73 


(ty tz? =x? 4+ y? +2? + 2ey t yz + ox) = 


Subtraction applied to the given equations in pairs yields y — 

z=0, x-—y=0, x—z=0. Therefore, y? + z? = 2yz, 

x? + y® = Ixy, x? +z? = 2zx, so that 2(xy + yz + zx) = 
2 

2x? + yp? + 2”). 2.300? + py? +27) = —- and x? + y?+ 

3k? 


2 


are 
Challenge 1 Solve the problem if x + 2y + 3z = k,3x + y+ 2z =k, 
and 2x + 3y+z=k,k #0. 


Addition of the three equations yields: 
6~+ p42) = 3k, andx+y+z= = 
k2 
(xt y+ 2)? =x? 4+ y? +27 + Wyt yzt x2) =F" 


Subtracting the first given equation from the second, we 
have 2x — y — z = 0 so that y + z = 2x. Subtracting 
the second given equation from the third, we have —x + 
2y — z= 0 so that z+ x = 2y. Subtracting the third 
given equation from the first, we have —x — y+ 2z = 0 
sothatx + y = 2z.Hence, y? + 2yz + z? = 4x?,z? + 
2zx + x? = 4y?, and x? + 2xy + y? = 427. 
Therefore, 2(xy + yz + zx) = 2(x? + y? + 2”), 


3(x? + y? + 24) = © so that Poy 4+2=8, 


Challenge 2 Show that both the problem and Challenge 1 can be 
solved by inspection. 


Ie 


PROBLEM: System satisfied for x = y = z = 


; k 
CHALLENGE: System satisfied for x = y = z = é 
2 


k 
. 2 2 2 ; 
Wot VY + 2° = 55 


75 
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Why are there no integer solutions of x® — Sy = 27? 


Rewrite the equation as x? = S5y+ 27 = 5(y+5)+2 = 
5z + 2, where z = y + 5. The integer x can take one of the 
forms 5m, 5m + 1, 5m + 2, 5m — 1, 5m — 2. 


CASE I: x? = 5z + 2 ¥ 25m? since, upon division by 5, the left 
side yields the remainder 2 while the right side yields the re- 
mainder 0. 


CASES Il AND IV: x? = 5z + 2 ¥ 25m? + 10m + 1, since then 
the respective remainders are 2 and 1. 


CASES Il AND V: x2 = 5z + 2 ¥ 25m” + 20m + 4, since then 
the respective remainders are 2 and 4. 


Civic Town has 500 voters, all of whom vote on two issues in a 
referendum. The first issue shows 375 in favor, and the second issue 
shows 275 in favor. If there are exactly 40 votes against both issues, 
find the number of votes in favor of both issues. 


METHOD I: The number of votes against either issue is 125 + 
225 — 40 = 310. (Explain the subtraction of 40.) Therefore, 
500 — 310 = 190 votes were cast in favor of both issues. 


METHOD 11: Let x be the number of voters in favor of both issues, 
let y be the number of voters in favor of the first issue but against 
the second, and let z be the number of voters in favor of the 
second issue but against the first. In Fig. S7-6 the information is 
shown in tabular form. 


PU 


x+y = 375,x+2z = 275, y+ 40 = 225, z + 40 = 125 


Therefore, y = 185, z = 85, x = 190 (number in favor of both 
issues). 
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7-1 How do you find the true weight of an article on a balance scale 
in which the two arms (distances from the pans to the point of 
Support) are unequal ? 


Let x(pounds) be the weight of the article, d, (inches) the length 
of the right arm, and d2(inches) the length of the left arm. 

Place the article in the right pan and let it be balanced by a 
weight w,(pounds) in the left pan. Then xd; = w,d.2(Principle of 
Moments). Place the article in the left pan and let it be balanced 
by a weight w2(pounds) in the right pan. Then xd2 = wed. 

Therefore, x2d,dy = wiWodido, x7 = wiwo, x = VwiWa; 
that is, the true weight of the article is the geometric mean of the 
two weights used. (See Appendix IV.) 


Challenge Suppose it is known that the arms of a balance scale are 
unequal; how do you determine the ratio t of the arm-lengths ? 


Place in the right pan a known weight; for convenience, 
choose a 1-lb. weight. Find the weight w,(pounds) needed 
to produce balance. Therefore, Id) = wide. Now, place 
the 1-lb. weight in the left pan, and let w2(pounds) produce 
balance. Therefore, ldg = wod;. 


d d. d 
We have Wi= 7: Wea witweaZt7= 


1 
is 
d, 
If w, oe Wo is known, r(= a) is determined. 
1 

ILLUSTRATION: If w; + Wwe = 7 + (pounds), then r + .= 
61 2 _ Sir ( 5) (,-$) - _3 
30° 30 > +1=9, | aioe! r 3) = 9% r= § OF 

= 3 . 


7-8 Solve in base 7 the pair of equations 2x — 4y = 33 and3x + y = 
31, where x, y, and the coefficients are in base 7. 


METHOD I: (working in base 7) 


2x — 4y = 33 69) 
3x + y = 31 ai) 
15x + 4y = 154 (4 times II) dy) 
20x = 220 (i+ WW) (IV) 


x=l,y=-2 


7-9 
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METHOD II: (working in base 10) 


2x — 4y = 24 (1) 
3x + y = 22 (I) 
12x + 4y = 88 (4 times 11) (11) 
14x = 112 (i+ 1 (IV) 


x = 8 (base 10) = 11 (base 7) 
y = —2 (base 10) = —2 (base 7) 


Given the pair of equations 2x — 3y = 13 and 3x + 2y = b, 
where b is an integer and 1 < b < 100, let n? = x + y, where x 
and y are integer solutions of the given equations associated in 
proper pairs. Find the positive values of n for which these conditions 
are met. 


Eliminate y from the given equations to obtain 13x = 26 + 38, 
orx = 2+ # . Eliminate x from the given equations to obtain 
13y = —39 + 26, or y= —3 +4. Therefore, x+y = 
= — 1. When 6 = 13, n? = x + y = 4, and som = 2. When 
b = 26,n? = x + y = 9, and son = 3. 

For the remaining multiples of 13 between 1 and 100, we fail to 


obtain for x + y the square of an integer. There are, conse- 
quently, just two values of 2, namely, 2 = 2 andn = 3. 


Find the set of integer pairs satisfying the system 


3x + 4y = 32 
y>x 
y< 5x. 
METHOD I: (Algebraic) Since y > x, 4y > 4x. (1) 
Since 3x + 4y = 32, ¢59) 
—3x > 4x — 32. @ — ap 
Therefore, 7x < 32,x < = ,and x < 4. 
Since y < 3x, 4y < 6x, and (IIT) 
—3x < 6x — 32, qay — dap 


9x > 32,x> 2 >3. 
3 < x < 4so that x = 4 and, consequently, y = 5. 
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Check y(=5)> x(=4), and y(=5) < 3 x(=6). 
Also 3x + 4y = 32, since 3-4+ 4-5 = 32. 


METHOD 11: (Geometric) The required integral values are on the 
segment PoP, of the line 3x + 4y = 32, as shown in Fig. S7-10. 
The only set of such integral values are x = 4 and y = 5. 


| 


ay. 
s N 


AGH 


Compare the solution of system I, 


x+y4+2z2=15 qd) 
2x—-yt+z= 0.8 (2) 
x— 2y —z= —0.2, (3) 
with that of system II, 
x+ty+z=15 9) 
2x-—y+tz=09 (2) 
x —2y —z= —0.2. (3) 


A small change in the conditions of a problem can make a big 
difference in the result! 

The systems may be solved by any one of a number of methods. 
By the Method of Elimination, we obtain, for System I, 


2x — y = 1.3, by adding equations (1) and (3), and 
3x — 3y = 0.6, by adding equations (2) and (3). 


This new system yields x = 1.1, and y = 0.9. From either of 
the original equations we obtain z = —0.5. 


7-12 
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ats 2 32 25 
For System HI, a similar procedure yields x = 30° = 30° 
12 : : 33 32 
z= —7. Therefore, the change in x is ; — == af , the 
30 27 5 2 30 30 30 15 
change in y is 30 - 30 = 30° and the change in z is — ahem 
( ne 5 eee 
30/7 30 


The following information was obtained by measurement in a series 
of experiments: 


x+ty=1.9 
2x —y = 1.4 
x — 2y = —0.6 
x—y = 0.3. 


Find an approximate solution to this system of equations. 


From a mathematical viewpoint, the system is inconsistent. 
However, we cannot reasonably expect “‘exactness” in measure- 
ments, and so it is meaningful to seek an approximate solution 
to the system. 

We consider that each of the constants on the right side of 
the equations is “in error’? by a certain amount, and it is our 
purpose to obtain a solution so that the errors are minimized. 
There is more than one way to do this; the method used here is 
known as the Method of the Mean. 

Starting with the assumption that the error in one equation 
is neither more nor less weighty than the error in any other 
equation, we group the equations, making as many groups as 
there are unknowns, in this case, two. Group I consists of the 
first and second equations, and Group I, of the third and fourth 
equations. By addition within each group, we obtain: 


3x = 3.3 
2x — 3y = —0.3. 
5 


F : . i 
The solution to this system is x = 0-6 
These values satisfy none of the equations exactly, but the 
sum of the errors is minimized to the value zero, since: 
57 1 


58. 58 
(1) x + y = 3, with an error of 55 — 35 = +35 
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41. 4} 42 1 
(2) 2x — y = 39 with an error of 55 — 35 = =n 
17. 17 18 1 
(3) x — 2y = — 3p With an error of — 5, + 35 = BET 
8 8 9 1 
(4) x — y = 35 with an error of 55 — 35 = 35° 


Find the maximum and the minimum values of the function 3x — 
y + 5, subject to the restrictions y > 1, x < y, and 2x — 3y + 
6 > 0. 


The conditions stated in the problem confine the values of 
the given function /: 3x — y + 5 to the values of x and y deter- 
mined by the triangle V;V2V3 obtained by the intersections of 
hy = x), lo = D, and /3Qx — 3y + 6) = 0. See Fig. S7-13a. 


gz 
|| ep | va 


Pitti da TPT te et | 
$7 13a 
At V; (i, 1), the value of the function fis 3 —1+ 5 = 7; 
at V2 (—15, 1), the value of fis —45 — 145 = —}; andat 


V3 (6, 6), the value of fis 18 — 6 + 5 = 17. At interior points 
of the triangle, the value of fis greater than — ; and less than 17. 


(See proof below.) Therefore, subject to the conditions given, 
the maximum value of 3x — y + 5is 17, and the minimum value 


of 3x — y + Sis —5- 
The Linear Program Theorem states that the maximum and 


minimum values of the linear function f(x, y) = Ax + By + C 
occur at vertices of the polygon S where 


S= FiO F2N-:-NF, and F, = {P|A,x + Bay + C, > 0}. 
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In Problem 7-13 the polygon is a triangle; in Problem 7-14 the 
polygon is a hexagon. 


fine 


$7-13b 


PROOF: Consider an interior point Jo (Xo, ¥o) (Fig. S7-13b). 
Then Fi (Xo, Yo) > 0, F2(X0; Yo) > 0, oes >» Fn(xo; Yo) > 0. Let 
P,P, be a line through Jo, intersecting two sides of polygon S 
in P, and Pz» and not parallel to f(x, y) = 0. Since Ip € PiPo, 
then f(%1, y1) ~ f(X2, yo), and either f@1, y1) < £0, Yo) < 
I (x2, y2)s or fe, 2) < I (xo, Yo) < SO, yi). Therefore, 
So. Yo) is neither a maximum nor a minimum value of f(x, y). 

Now consider a point, Bo(xo, yo), interior to a side of S with 
vertices Vi (x1, yi) and Vo(xe, yo). Then, if f(1, y1) # fe, ye), 
either f(%1, vi) < f(%0, Yo) < f(%2,y2), or f(%2, Y2) < 
F(X%o Yo) < fi, yi), and if f(%1, v1) = £2, Y2), (1, V1) = 
S (Xo, Yo) = £2, ¥2). 


Among the vertices, therefore, there is one such that the value 
of f(x, y) is at least as great as its value at any other point on 
the polygon and greater than the value at any interior point. 
Therefore, the maximum value of f(x, y) occurs at one or more 
vertices. 

A similar argument holds for minimum value. 


7-14 A buyer wishes to order 100 articles of three types of merchandise 
identified as A, B, and C, each costing $5, $6, and $7, respectively. 
From past experience, he knows that the number of each article 
bought should not be less than 10 nor more than 60, and that the 
number of B articles should not exceed the number of A articles 
by more than 30. If the selling prices for the articles are $10 for 
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A, $15 for B, and $20 for C, and all the articles are sold, find the 
number of each article to be bought so that there is a maximum 
profit. 


The conditions of the problem lead to the following statements, 

illustrated by Fig. S7-14. 

(dd) x + »+ z= 100sothat z = 100—x- yp 

(2) Cost = 5x + 6y + 7z = 700 — 2x — y 

3) 10< x < 60, 10< y < 60, 10< z< 60 so that 10< 
100 — x — y < 60 and, therefore, 40 < x + y < 90 

(4) ¥y< x+ 30 

(5} Sales = 10x + 15y + 20z = 2000 — 10x — 5y 

(6) Gain = Sales — Cost = 1300 — 8x — 4y, the function to 
be maximized 


a eee bie 
SISciaieiele cal G=1300—8x—4y h x=10 
NT TT Le ehmals i 
LIN ERRES 
Eases oe ESaEE G(P,) = 1060 ly y=10 
PERE HH cirontiooemsinny yo 
Mogae Sept G(P,)= 1020 i, xty=40 
Yad P,(10,30): P,(60,30) G(P,)= = 
x (P,)=780 ke x+y=90 
ae mx as G(P,)=700 ly y=x+30 
a 
oy 


For maximum profit, then, the distribution of the 100 items 
bought should be 10 item A, 30 item B, and 60 item C. (See 
the solution to Problem 7-13.) 
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8 Miscellaneous: Curiosity Cases 


8-1 Find all values of x satisfying the equation ~ oe SS s . 
METHOD I: By multiplication obtain 5x — 5/x+1 = lix+ 
1li/x + 1. Therefore, —3x = 8/x+1, 9x? = 64x + 64, 
9x? — 64x — 64 = 0. Since 9x? — 64x — 64 = (9x + 8) X 
(x — 8), either 9x + 8=0 or x —8=0. Therefore, x = 


—%5 (x = 8 is rejected). 


—-vVvx4+1 + —vVxt+ 
HOD Il: Sin e~ » we ma write 
Be OO NE feck © ae ie 
—=5 > and so 


x—vVvx+1= —IIk, and (I) 
x+Vx+1= —5k, 408) 


where Kk is a positive constant. By adding (I) and (II) we have 
2x = —16k, and so x = —8k. —8k++/1 — 8k = —5k; 
that is, 1/1 — 8k = 3ksothat 1 — 8k = 9k, and 9k? + 8k — 
1 = 0. But 9k? + 8k — 1 = (9k — 1)(k + 1). Therefore, 9k — 


1 = Oandk = 5k = —1 is rejected). Hence, x = — 5 
8-2 Find all real values of x satisfying the equations: 
(a) x?|x| = 
(b) x|x?| = 8, where the symbol |x| means +x when x > 0, and 
—x when x < 0. 


(a) When x > 0, (x?|x| = 8) => (x? = 8) so that x = 2. (The 
symbol = is read ‘“implies’”.) When x <0, (x?|x| = 8) => 
(—x? = 8) or (x? = —8)sothat x = —2. 

(b) When x >0, (x|x?| = 8) = (x? = 8) so that x = 2. 
Since 8 > 0, x cannot be negative. 

Besides these real values of x, there are imaginary values of x. 


8-3 Let P(x, y) be a point on the graph of y = x + 5. Connect P with 
Q(7, 0). Let a perpendicular from P to the x-axis intersect it in R. 
Restricting the abscissa of P to values between 0 and 7, both 
included, find: 

(a) the maximum area of right triangle PRQ 
(b) two positions of P yielding equal areas. 
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SOLUTIONS 


(a) Designate the area of APRQ by K (expressed in proper units). 
Then K = 5 (7 — x)(x + 5) = $136 — (x — 1)?]. The expres- 
sion 5 [36 — G — 1)*]isa maximum when x = 1 for0 < x < 7. 

: + K(max) = 5 (6)(6) = 18. An alternative solution for (a): The 


area of APROi is determined by the measure of the segments RP 
and RQ. At all times, the length of RP is x + 5 and the length of 
RO is 7 — x. Their sum is the constant 12. It is known (see 
Appendix III) that when the sum of two positive numbers is fixed, 
the maximum product of the two numbers occurs when each is 
one-half the fixed sum. Therefore, the maximum — is obtained 


when RP = RQ = 6, so that the maximum area is 5 5 (6)(6) = 
The triangle with maximum area is isosceles. 


(b) Ky = 3 (7 — x11 + 5), Ke = 5 (7 — xo)(t2 +5), and 


Therefore, 7x, + 35 — x17 — 5x1; = Tx—g + 35 — x27 — 5xa, 
and so, 2(x; — x9) = x17 — x2” = (x1 + yo)(x1 — 2). 
Since we are assuming that x; * x2, we have 2 = x; + Xe 
(dividing by x1 — x2). One possibility is x; = 0, x2 = 2, so that 

P,(0,5) and P.2(2,7). A second possibility is Py G ; 55)» 
P, (5.6 ; 5): There are others, of course. 


Find the smallest value of x satisfying the conditions: x? + 2x? = a, 
where x is an odd integer, and a is the square of an integer. 


x3 4+ 2x? = x2(x + 2) = m?n? where m, n are integers. 
*.x +2 = m? or n?. The smallest odd value of x, such that 
x + 2 is the square of an integer, is x = 7, since x = 1 or3 or 5 
are unacceptable. 

If we remove the restriction, “‘smallest value of x,” there are, 
of course, an endless number of x-values. 


For the case where x is odd and x? + ie =a, we have 
x = 2k + 1. Therefore, 2k + 3 = n?’, 


turn, m = 3, 5, 7,..., we have k = 3, ose eae 
23, 47,.... 


in 
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Challenge 1 Change “odd integer’ to “even integer greater than 2,” 
and solve the problem. 
Where x is even and x3 + 2x? = a, we have x = 2k. 
Therefore, 2k +2=n%k =% > ca Taking, in turn, 
n= 2, 4, 6,..., we have k = 1,7, 17,... and x = 2, 
14, 34,... 

Challenge 2 Change x* + 2x? tox? — 2x?, and then solve the problem. 
Where x is odd and x? — 2x” = a,wehavex = 2k +1. 

2 

Therefore, 2k —1=n?,k =" +t . Taking, in turn, 
n= 1,3, 5,..., we have k = 1, 5, 13,... and x = 3, 
11, 27,.... 

Challenge 3. In Challenge 1 change x* + 2x? to x3 — 2x? and solve 
the problem. 
Where x is even and x? — 2x? = a, we have x = 2k. 

2 
Therefore, 2k —2=n?,k =" a 2: Taking, in turn, 
n= 2,4,6,..., wehave k = 3,9, 19,..., and x = 6, 
18, 38, . 
8-5 pS oe iI permissible val 
= 1 xo + xa 5 true for a permissible values of x, 


find the numerical value of A + B. 
Multiply the equation by x? — 1. Then, 
3x —5 = A(x +1) + B(x — 1) = x(A + B)+ (A — B). 


(A+ B=3 


Is there a detectable connection between the sum of the numera- 
tors A and B and the original numerator? Let’s find out! 


Kx+L__A 


ae ts ket x(A + B)+ (A — B) 
.A+B=K 
a A B 


Verify this conclusion for > 


Sh aed tt eel, 


What modification in the conclusion that A + B= K, if any, 


must be made if the problem reads 


2x +5 A B 
aA geo eso" 


ANSWER: None 
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SOLUTIONS 

: : sp 2x +5 A B 
What modification follows if 75-4 = x4 + an? 
ANSWER: A + B= 1 =< 

2x +5 A B 
Generalizing further, try et = apa eae 
ANSWER: A + B = 2 = * 
celia 5 
faa SS 

A harder one! @? — 1 44 F545 


Rudi eet ia ee! B)—A 
.A+B4+C=0 


Se 
An easier one! xG? — 1h 


ee Se eg 


—2x+5_A B Cc 
Moy = 2 x-—1 x+1 


ANSWER: A + B+ C= = 


Slightly harder! ~ 


Study the last 3 cases for a pattern. Compare the degrees of 
the polynomials in the numerator and the denominator. 


For what integral values of x and p is (x? — x + 3)(2p + 1) an 
odd number ? 


Since each of the factors is odd for all integers x and p, the 
product is always an odd number. 


Express the simplest relation between a, b, and c, not all equal, if 
2 — be = b? — ca = c? — ab. 


Since a? — be = b? — ca, ca — be = b? — a?. Therefore, 

c(a — b) = (6+ a)(b — a). If a ¥ b then c = —(6 + a), that 

is, a + b +c = 0. What change in procedure do you suggest if 
= 5? 


Find the two linear factors with integral coefficients of P(x, y) = 
x” — 2y? — xy — x — y, or show that there are no such factors. 


METHOD 1: We have P(x, y) = x? — 2y? —xy—x-—y. If 
there are linear factors we may write them as x + A,;y + By, 
and x + Azy + Bo, with the numerical values of A,, Ao, Bi, Bo 
to be determined. 
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Equating the two representations of P(x, y), we have 


x? — 2y? — xy — x — y= (x+ Airy + Bile + Aoy + Bo) 
= x? + AiAoy”? + (A, + Ao)xy + (Bi + Bo)x 
+ (A,Bo + AgBi)y + Bi Be 


2s AiAo, —-1=A4,+ Ae, —1= Bi + Bo, -—l= 
A;Bz + AoB;,0 = B,By. Therefore, either B; = Oor Bo 
(Why not both?) Choose B, = 0, then B, = —1, A, 
Ag = —2. 

Check to see if —2 = A,Ae = (1)(—2). 

Therefore, one set of factors is x + y and x — 2y — 1. If we 
choose Bz = 0, we obtain the same set of factors. It follows that 
this set is unique. 


ll 
S 


I 
— 
5 


METHOD 11: You may be clever enough (or lucky enough) to see that 

P(x, y) can be written as 

x? — y? — y? — xy —x— y= + WQ-—Y-YOH+x)- 
(x + y). 

“P(x, y) = + yx — y— ¥— 1) = (+ YM — 2p — DD. 


Find the sum of the digits of (100,000 + 10,000 + 1000 + 100 + 
10 + 1)’. 


This problem offers a good opportunity to show the advantage of 
“generalizing” a problem to arrive at a solution. Consider any 
n-digit number a1a2...@,,1 < 9. Then (a; + a2 + °°: + ,)? 


= a;? + ao? +--+ +4," + 2aya2 + 2aya3 + --: 
+ 2aea3 + +++ + 2an_10n 
= 2(a,? + ao? + +++ + Gn? + ayag + aya3 + °°: 
+ ay—1dn) — (a1? + ag? + °+°+ + Gn”) 
= 2S, — So. 
The number of digits in S$, is 2 $a + 1), and the number of 
digits in S2 is n. There are, therefore, 2- 7 (n+ 1)—n=n? 


digits in (a, + ag + -:: + a,)*. Applied to this problem with 
n= 6 and a; = a2 = a3 = ag = G5 = ag = 1, the formula 
yields 6? = 36 as the sum of the digits. 
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8-10 How do you invert a fraction, using the operation of addition? 


8-11 


Let the given fraction be . , and let x be such that + = 
b b+x 


Therefore, a@?+ ax = b?4+ bx, x(a — b) = b? — a? 
(b + a)(b — a), x = —(a+ db), a # 8b. 


yerirication: 2—-@ +t — =? 1% 2 4 
‘b—@+b)~ aaa 
b 


o. 
a 


ILLUSTRATION: Let a = 3 and 6 = 8; then x = —1I, and 
oe ae aE 
8-11 -3 3 3 
8 


How do you generate the squares of integers from pairs of con- 
secutive integers? 


Possibly the first trial would be the operation of multiplication, 
but this trial proves disappointing since the product of two 
consecutive integers n(n + 1) = n? + n # m?. Why? 

Let us try the operation of addition. 


METHOD I: We note that 0 + 1 = 1,4+ 5 = 9,12 4+ 13 = 25, 
and so forth. The form 4 + 5 = 37, 12 + 13 = 57, 244 25 = 
77, and so forth, suggests the generating function 2mn + 
(m? + n*) = (m? — n*)?, where m—n=1 and, hence, 
(m — n)? = 1. For example, for m= 4, n = 3, 2mn = 24, 
m? + n? = 25, and (m? — n?)? = 49. For m= 5, n= 4, 
2mn = 40, m? + n? = 41, and (m? — n*)? = 81. 

What is the relation between this generating function and 
Pythagorean triplets? 


METHOD II: We note that 4= 4-1, 12 = 4-3, 24 = 4-6, 
40 = 4-10, and that the second factors 1, 3, 6, 10 are the tri- 
angular numbers 7;, with k = 1, 2, 3,.... (See Appendix VII.) 
This suggests the generating function 47; + (47, + 1) = 


4-Sk(k +I +4-3kK + 141 = Qk+ 0%. 


For k = 3, we have 24 + 25 = 77 = 49, 
for k = 4, we have 40 + 41 = 9? = 81, 
fork = 5, we have 60 + 61 = 11? = 121. 


Miscellaneous: Curiosity Cases 137 


8-12 Is there an integer N such that N® = 9k + 2, where k is an 
integer? 


With respect to the divisor 3, N can be expressed as 3m, 3mm + 1, 
or 3m — 1 (alternatively, 3n + 2) so that N° is, respectively, 
27m3, 27m) + 27m? + 9m + 1, or 27m? — 27m? + 9m — 1 
where m is an integer. 


CASEI: N? = 9k + 2 + 27m? since, upon dividing both sides of 
the inequality by 9, the remainder on the left is 2 while the re- 
mainder on the right is 0. 


CASE u: N® = 9k + 2 ¥ 27m* + 27m? + 9m +1 since the 
respective remainders, upon division by 9, are 2 and 1. 

CASE mi: N® = 9k + 2 ¥ 27m? — 27m? + 9m — 1. Why? 
Therefore, the cube of an integer cannot be expressed in the form 
9k + 2, where k is an integer. 


Challenge Js there an integer N such that N°? = 9k + 8? 

N® = 9k +8 = 9(k + 1) — 1. Hence, if N = 3m — 1, 
N° is of the form 9r — 1 where r = 3m? — 3m? + m, 
and, of the form 9k + 8 wherer = K+ 1. 
ILLUSTRATION: N= 5 .. N? = 537 = 9-134 8 = 125. 
Here N = 3:2 —1 so that m = 2. If N = —4, then 
N® = (—4)3 = 9(—8) + 8 = —64. Here NV = 3(—-1) — 
1 so that m = —1. 


8-13 Let S, = 1° + 2° + 3°94 4", and let 8S} = 14+24+34+42= 
10. Show that S, is a multiple of S, for all natural numbers n, 
exceptn = 4k where k = 0,1, 2,.... 


We verify directly that S; = 10, So = 30 = 384, S3 = 100 = 
10S;, and S, = 354, which is not a multiple of S,. Note also that 
So = 4 is not a multiple of S;. 

We know (Appendix I) that, when a is a positive integer, 
a, a®, a®,...,a***? all have the same units digit. Therefore, 
at*+2 tpq?, at*t3 toa, and at*t4 that, 

It follows that S4.,, = 14*+7 + 24*+7 4 34%tr 4 4thtr tp 
17 + 27 + 3° + 4" = S,, where r = 1, 2, 3, 4 (or zero). Since 
we showed by direct verification that S, is a multiple of 10 for 
r = 1, 2, and 3, but not for r = 4 (or zero), the conclusion is 
valid. 
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8-14 A positive integer N is squared to yield N;, and N, is squared to 


8-15 


yield No. When Ne is multiplied by N the result is a seven-digit 
number ending in 7. Find N. 


This problem seems difficult, but it is really quite easy. From the 
given conditions, the seven-digit number is N°. We know (see 
Appendix I) that the units’ digit of N° is the same as that of N, 
so that N ends in 7. 

Since 75 < 10° = 100,000, we conclude that N ~ 7. There- 
fore, N has two digits. (Why not three digits, or more?) We must 
decide between 17, 27, 37, and so forth. 

Since 305 = 24, 300,000, N is less than 30. The choice is now 
narrowed to 17 or 27. The selection of 17 is based on the fact that 
the difference between 30° and 9,999,999 is very much greater 
than the difference between 9,999,999 and 20°. 

The answer 17 is unique; it can be verified by actual com- 
putation. 


Let f = mx + ny, where m, n are fixed positive integers, and 
X, y are positive numbers such that xy is a fixed constant. Find the 
minimum value of f. 

Since m, n are fixed and xy is fixed, (mx)(ny) = (mn)(xy) is a 
fixed quantity. We now use the theorem that, if the product of 


two numbers is constant, the minimum sum occurs when the 


numbers are equal. (See Appendix II.) Therefore, minimum { 


n 


: x 
occurs when mx = ny; that is, when om 


ILLUSTRATION 1: Let m = 5, n = 3, xy = 60. Therefore, x:y = 
3:5, x: (S) = 3:5. 


x? = 36,x = 6, y= 10 ..f(min) = 5-64 3-10 = 60 
ILLUSTRATION 2. Let m = 5, n = 3, xy = 100. 


f(min) = 5/60 +3 (a = 10/60 


9-1 


9-2 
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9 Diophantine Equations: 
The Whole Answer 


A shopkeeper orders 19 large and 3 small packets of marbles, all 
alike. When they arrive at the shop, he finds the packets broken 
open with all the marbles loose in the container. Can you help the 
shopkeeper make new packets with the proper number of marbles 
in each, if the total number of marbles is 224? 


Represent the number of marbles in a large packet by Z and the 
number in a small packet by S. Then 19L + 3S = 224, S = 74 — 


z must be 


an integer. If L = 2, not a likely value, 7=F = 0; otherwise 


a zt Z is negative. Let us put ae —kso that L = 2 + 3k. 


3 
Since 74—6L+7>=>0, 74> 6(2+3k)+k so that 


k <3. Also, S = 74 — 6(22+ 3k) — k = 62 — 19k. Since 
L> S,2+ 3k > 62 — 19k so that k > 2. Since 2 < k < 3, 
k = 3. Therefore, L = 2+ 3k = 11 and S = 62 — 19k = §. 

The values 2 = 11, S = 5 satisfy the conditions of the 
problem uniquely. 


6b + 2=- . Since S and L are positive integers, 


Find the integral solutions of 6x + iSy = 23. 


METHOD I: The left side of the equation is divisible by 3, but the 
right side is not. Hence, no solutions in integers. 


METHOD II: Suppose you overlooked the quick method. A formal 
5S — 3y 
6 
must be an integer. Letting t = 


. To insure the integral 
S$ — 3y : 
6 


procedure yields x = 3 — 2y + 
— 3y 
6 


5 
nature of x, 


we obtain y = ; — 2t. Since ¢ is an integer, y cannot possibly 
be integral. 
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Challenge 1 Solve in positive integers 13x + 2ly = 261. 


8y —1 8y —1 
x=20-y-> . Lett t= iy «8° that y = 
St 1 5 1 - 
t+ 2 . Let w= ~F so that ft=u-+ et. 
3u — 1 tt 
Let v= 5 so re u=v+-—-——. Let w= 

2o+1 “St. 


so that v = w+ 


73°, 

Since x and y are igen. each of ¢, u, v, and w is an 
integer. When w = 1, we have in succession v = 1, 
u= 2, t= 3, y = 5, and x = 12, obtained by sub- 
stituting back into the equations given. 

The pair x = 12, y = 5 satisfies the given equation. 
We now show that the solution is unique. Obviously 


2ly < ie so that »y< 12. But y= ow, so 
at - 


2 < 12, 13w < 27, w < 2. But w must be odd. 


Therefore, the only permissible value is w = 1 and, 
consequently, there is only one value for y. 


§-3 A picnic group transported inn buses (where n > | and not prime) 


9-4 


to a railroad station, together with 7 persons already waiting at the 
Station, distribute themselves equally in 14 railroad cars. Each bus, 
nearly filled to its capacity of 52 persons, carried the same number 
of persons. Assuming that the number of picnickers is the smallest 
possible for the given conditions, find the number of persons in each 
railraod car. 


Represent by x the number of persons carried by each bus, and 
by » the number of persons in each car. Then nx + 7 = 14y. 
Neither x nor n can be an even integer. Since n + 7, we can try 
x = 49, which is a multiple of 7 and close to 52. With this value 


for x we have y= 54%. Since n must be odd and n> 1 


and n is neither 3 nor 5 nor 7, we tryn = 9. Then y = ; + 2 = 
32. Check 14 * 32 = (49 X 9)+ 7. 


Find the number of ways that change can be made of $1.00 with 
50 coins (U.S.). 
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Let x; represent the number of 50¢ pieces, 
Xq represent the number of 25¢ pieces, 
X3 represent the number of 10¢€ pieces, 
x4 represent the number of 5¢ pieces, 
Xs Tepresent the number of 1¢ pieces. 


First we show that x, = 0, for if x, = 1, then the remaining 
50¢ of the $1.00 must be the value of 49 coins, an impossibility. 
And certainly x; cannot exceed 1. The number of pennies x; = 
50 — (x2 + xg + 4). 


EQUATION |: 25x_ + 10x3 + 5x4 + 50 — (x2 + x3 + x4) = 100 
EQUATION 2: 5x_ + 2x3 + x4 — £ (m2 + x3 + x4) = 10 

We now make three observations. In every case the value of 
any coin used must be a multiple of 5. (See Equation 1.) The value 
of 25x_ + 10xg + 5x4 exceeds 50 so that the value of 50 — 
(xg + x3 + 4) is less than 50. (See Equation I.) x. + x3 + Xa 
is a multiple of 5. (See Equation 2.) 

In tabular form the possibilities are shown below. 


Kinp) NUMBER VALUE KinpD NUMBER VALUE 
xs (1¢) 45 45 xs (14 40 40 
x4 (54) 2 10 xa (5¢) 8 40 
X3 (104) 2 20 X3 (10¢) 2 20 
x2(25¢4) 1 25 50 100 

50 100 


Let x be a member of the set {1, 2, 3, 4, 5, 6, 7}; y, @ member of 
the set {8, 9, 10, 11, 12, 13, 14}; and z, a member of the set 
{15, 16, 17, 18, 19, 20, 21}. [fa solution of x +y +z = 33 is 
defined as a triplet of integers, one each for x, y, and z taken from 
their respective sets, find the number of solutions. 


When z = 21, x + y = 12; that is, 1+ 11, 2+ 10,3 +9, 
or 4 + 8, four combinations. Similarly, when z = 20, the number 
of combinations for x + y is 5; when z = 19, the number of 
combinations for x + y is 6; when z = 18, the number of 
combinations for x + y is 7; when z = 17, the number of 
combinations for x + y is 6; when z = 16, the number of 
combinations for x + y is 5; and when z = 15; the number of 
combinations for x + y is 4. In all, there are 37 possibilities. 
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Ri, Ro, and Rg are three rectangles of equal area. The length of Ry 
is 12 inches more than its width, the length of Re is 32 inches more 
than its width, and the length of Rg is 44 inches more than its width. 
If all dimensions are integers, find them. 

Let v = kyu and let w = kau, where u, v, w represent, in inches, 
the widths of R,, Re, and R3, respectively. Then 

u(u + 12) = kyu(kyu + 32) = kou(kou + 44), 

ok ?u? + 32kyu = ky2u? + 44kou. 

(ky? — ko?)u? = (44k. — 32k,)u, u ~ 0 


7 _ 44ke — 32k1 6 oe 38 
nee Mos ki? — ke? ~— ky — ka ki + ke 
ad + be 
Leth = 2 and tt = se ke ee kk eS 
ae d bd 


bd: «UW choose ad + bc = 38 and ad — bec = 2. (Why 
not6?)ad = 20 = 10-2 = §-4andbe = 18 = 9-2 =6-3= 
18-1. 
Since 0 < ky < 1,0 < ke < 1, we have 
a d b 


5 64 6 3 


is) 


u ov w 


48 40 36, accept, 


5 4 18 1 72 20 18, reject, 


10 2 1s I 


Rim Bim Bw | ko 
| costed 
£ 


BolS Solu ai | 


80 = 72, reject. 
Therefore, the dimensions are 48 and 60, 40 and 72, 36 and 80. 


Given x? = y + a and y* = x + a where a is a positive integer, 
find expressions for a that yield integer solutions for x and y. 


x? =y+ta, y? = x+a, so x? — y? = y — x. Therefore, 


(x — yx + y) + &— y) = 0, (& — yx + y+ 1) = 0. Thus, 
x=y or x = —1—y. Therefore, either y? — y—a=0 


ive pe Cte ory? +y+1—a=0 giving y = 
-livV4%—-3> 


2 
For y to be integral, /1 + 4a = 2n + I and V/4a — 3 = 
2m — 1. Thus, a= n*?+n=n(n4+ 1), n=0,1,2,..., oF 
a=m*—m+1=m(m-— 14+ 1,m=1,2,3,.... 
QUERY: Do these values of a give independent solutions? 


9-8 


9-9 
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A merchant has six barrels with capacities of 15, 16, 18, 19, 20, and 
31 gallons. One barrel contains liquid B, which he keeps for himself, 
the other five contain liquid A, which he sells to two men so that the 
quantities sold are in the ratio 1:2. If none of the barrels is opened, 
find the capacity of the barrel containing liquid B. 


The key to the solution of this problem is to think in terms of the 
excesses over 15 gallons. Thus, the capacities are 15 + 0,15 + 1, 
15 + 3, 15 + 4, 15 + 5, 15 + 16 (= 30 + 1). He cannot keep 
any barrel with an even excess over 15. (Why?) This leaves only 
the three possibilities 15 + 1, 15 + 3, 15 + 5, which we try 
in turn. 

We find that the liquid B barrel has capacity 20 gallons, and 
that the merchant sells 33 gallons (15 + 18) to one man and 
66 gallons (16 + 19 + 31) to the other man. 


Find the number of ordered pairs of integer solutions (x, y) of the 
pees | 1 1 gets da 48 
equation ~ + en positive integer. 


1 1 
ee pr PY + PX = 30 3 — BY pe + PP p? = 0, 


(x — P)\Y — p) = 
Let di, do,...,dn a oe n positive divisors of p?. 


2 


Then x — p=d,,i= 1,2....,9—p=7, 


2 
and x —p= —di,y—p=-— =; yielding 2n solutions from 


which we must exclude the case x — p = —p, y — p= —p, 
since these imply x = 0, » = 0. Therefore, there are 2n — 1 


solutions where n is the number of positive divisors of p?. 


a a | : se 
ILLUSTRATION: 5 +) = & where 6” = 36 has the nine positive 


divisors 1, 2, 3, 4, 6, 9, 12, 18, 36. The number of pairs of integral 
solutions is 2-9 — 1 = 17. To find the cue solve the 
18 pairs of equations x — p = +d; y— p= =P. The set 
x—6= —6, y—6= —6 yields the nen solution 
x = 0, y = 0. The solution pairs are (7, 42), (8, 24), (9, 18), 
(10, 15), (12, 12), (2, —3), G, —6), (4, —12), (5, —30), and the 
inverse pairs. The pair (12, 12) is self-inverse so that the total 
number of solutions is 17. 
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9-10 Express in terms of A the number of solutions in positive integers 


9-11 


ofx +y+2z=A where A is a positive integer greater than 3. 


Consider the following triples (x, y, z): when x = 1,(1, 1, A — 2), 
(1, 2, A — 3),...,(1,A — 2,1), are the A — 2 possible solu- 
tions. When x = 2, (2,1, A — 3), (2,2,A — 4),...,(2,A4 — 3, 
1), are the A — 3 possible solutions. When x = 3, (3, 1, A — 4), 
(3,2, A — 5),...,(@,A — 4, D, are the A — 4 possible solu- 
tions.... When x = A — 2, (A — 2,1, 1), is the only possible 
solution. Therefore the total number of solutions is 1 + 2 + 
“++ 4 (A — 2) = 3 (A — 2)(A — 1). [See Appendix VIL] 
ILLUSTRATION: For A = 6, the solution triplets are (1, 1, 4); 
(i, 4,1); 4, 1D; C, 2, 3); , 3, 2); (2, 1, 3); (2, 3, Ds; G, 1, 2); 
(3, 2,1); (2,2, 2); ten triplets. Here we have used only 1, I, 
2k — 2 and 1, 2, 2k — 3. The triplets 1, 3, 2k — 4 and 1, 4, 
2k — 5 yield no new solutions. 


Solve in integers ax + by = c where a, b, and c are integers, 
a <b, and1<c < b, witha and b relatively prime. 


We solve the problem for selected values of c, a, and d. 

First we show that if x = x9 and y = yg is a solution of 
ax + by = c where a and B are relatively prime, then the equa- 
tions x = xq — brand y = yo + at (wheret = 0, +1, +2,...) 
give all the solutions. 


PROOF: (1) We have ax + by = cand axg + byo = c. 

(2) Therefore, ax — axo + by — byo = 0, and so y — yo = 
5 (xo — x). 

(3) Since y — yo is an integer, and since (a, b) = 1 (that is, the 
greatest common divisor of a and b is 1), then 5 must divide 
Xo — x; that is, x» — x = bt where ¢ is an integer. 


(4) Therefore, x = xo — bt and y — yo = 57 Ot = at, and so 
y=Yot at. 

The proof is completed by showing that if ¢ = 1, then x, = 
Xo — bt; and y; = Yo + at, are solutions. 

(5) Substitute x, and y, into the left side of the equation ax + 
by = c. We have ax; + by, = a(xo — bty) + b(yo + at) = 
axo + byg — abty + abt) = axo + byo. Since axg + byyp = € 
(from step 1), ax; + by; = c, and so the pair (x1, yi) is a 
solution. 
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CASE1: 5x — tly = I (Euclidean Algorithm) 
Since 11 = 5-2+1land5=1-4+1,wehavel = 5— 4-1 
(from the second equation) and 1 = 5 — 4(11 — 5- 2), (replac- 
ing | by 11 — 5-2 from the first equation). Therefore, | = 
5-9 — IL-4. Comparing this equation with the given equation 
1 = 5x — lly, we have x = 9 and y = 4 a8 a solution. 
Hence, x = 9 + Ilt and y = 4+ 54,4 = 0, +1, +2,..., 
comprise all the integer solutions of the given equation. 


CASEI: 5x — Ily = 1 (Permutations) 

Rearrange the sequence of integers I through 11 so that integer 
is associated withn + Swhenn + 5 < ll,and witha + 5 — Il 
when n + 5 > 11, as shown in the two rows below. 


Upper Row (natural order) 12345 67891011 
Lower Row (permutation) 6789 1011123 4 5 


Start with 5 (since @ = 5) in the upper row, go to 10 in the 
lower row, then to 10 in the upper row, to 4 in the lower row, and 
so forth, until you reach I. You will obtain the sequence 5, 10, 
4, 9, 3, 8, 2, 7, 1, nine terms in all. Therefore, x = 9, and, from 
the given equation, we find y = 4. The general solution is x = 
9+ Iltand y = 4+ 54,4 = 0, +1, +2,.... 


CASEH: 5x — Illy = 3 
3x — Dy = 1. Letx = 3X andy = 3Y, so that 5X¥— Y= 1. 
From Case I we have X = 9 + Iltand Y = 4+ St. Therefore, 


x = 274+ 33tand y = 12 + 154, = 0, +1, +2,.... 

CASE I: 5x — Ilpy = 25 

Rewrite the equation as 5x — I1l(y + 2) = 3 and let x = 3X 
and y + 2 = 3¥Y. Thus, 5X — 11Y = 1. From Case I we have 
X=9+11t and Y = 4+ 5t. Therefore, x = 27 + 33t and 
y=3Y-—2= 10+ 154,t = 0, +1, +2,.... 

CASE IV: 13x — 9y = 1 

Rewrite the equation as 4x — 9(y — x) = I. 

Let x = Xand let y— x = Ysothat4X¥ — 9Y = 1. 

Since 9 = 4-2 + land4 = 1-4, then I = 4(—2) — 9(—1). 
Therefore, Y = —2 and Y = —1 is a solution. Therefore, the 
general solution is X = —2 + 9tand Y = —1 + 4+. Therefore, 


146 SOLUTIONS 


the general solution to the given equation is x = —2 + 91 and 
y= —3+4+ 134, = 0, +1, 42,.... 


CASE Iv: 13x — 9y = I (alternative solution) 


Upper Row 1 23 45 67 8 9 
Lower Row §5 678 9 12 3 4 


The sequence is 4, 8, 3, 7, 2, 6, 1. Using the method shown in the 
second solution of Case I, associate n withn + 4whenn +4< 
9, and with n + 4 — 9 when n+ 4 > 9. Since there are seven 
terms in the sequence, x = 7+ 9k, y = 10+ 13k, k = 0, 
#1, +2,.... 

Reconcile the answers given here with those given under 
the first solution for Case IV. 


10 Functions: A Correspondence 
Course 


10-1 Let f be defined as f(3n) = n + f(3n — 3) when n is a positive 
integer greater than 1, and f(3n) = 1 when n = 1. Find the value 


of f(12). 
Rewrite f as fn) — fGn — 3) = 7 and use “telescopic” 


addition. 
Ff@Gn) — fGn—-—3)=n 
{Gn — 3) -— fGn-—6)=n-I 
f® - f@) =2 


We thus obtain ((”) — (3) =2+3+-::-+ 2, so that 
f@n)= 14+ 2434-+-+n= Fn + I) since £3) = 1. 
(See Appendix VII.) 

“. f(12) = fB+4) = 5 (415) = 10 


COMMENT: Note that fis a triangular number. (See Appendix VII.) 
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Challenge Define f to be such that f{(3n) = n? + f(3n — 3). Find f(15). 


10-2 


10-3 


10-4 


10-5 


Using the method shown in the solution above, obtain 
fn) = Ena + Qn + 2. 
Therefore, f(15) = = (5\(6)(11) = 55. 


COMMENT: Note that f is the sum of the first n square 
integers. (See Appendix VII.) 


If f is such that f(x) = 1 — f(x — 1), express f(x + 1) in terms 
of f(x — 1). 

Since f(x) = 1 -— f&— D, fe +I) = 1— FO). 
Therefore, fx + 1) =1-—- [1 — f(x — D] = f& — }). 


Let f = ax + b, g = cx +d, x a@ real number, a, b, c, d real 
constants. (a) Find relations between the coefficients so that f(g) is 
identically equal to x; that is, f(g} = x, and (b) show that, when 
f(g) = x, f(g) implies g(f). 

(a) f(g) = aex + a)+ 6 = acx+ad+b=x. 

/.ac = lLad+ 6b = 0,orb = —ad. 

(b) g(f) = clax +b) 4+ d = acx + bc+d. 

Since ac = | and b = —ad, 

acx + bc+d=x+c(-—adl)+d=x-—did=x. 
Therefore, [f(g)} = x] = g(S). (The symbol = is read “‘implies.”) 


Iff() = —x™x — 1), find f(x?) + fOOF( + 1). 

F(x?) = —x?"(x? — 1)", and fx + ID = —(e + :1I)"00". 
Therefore, f(x?) + fOf(x + I = 

—x?"(x? — 1)" — x(x — N"-( + )"x"] = 0 


The density d of a fly population varies directly as the population N, 
and inversely as the volume V of usable free space. It is also de- 
termined experimentally that the density for a maximum population 
varies directly as V. Express N (maximum) in terms of V. 


kiN Ae 
d= Pa = ky where k,, ko, kz are positive constants. There- 
Vd . Vkal 
fore, N = |. Since d(max) = k,V, N(max) = a = ky? 


k 
where k = —- 
ks 
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10-6 Given the four elementary symmetric functions fy = x, + x2 + 


10-7 


10-8 


Xg + X4, fo = XiX2 + XeXg + XgXq + X4X1, fg = XyX0X3 + 
1 
XQX3Xq + X3X4X) + XqXyXe, fg = XyXQX3X4, express S = Fi + 
1 : 1 
—~+—-—4 x, in terms of f1, fe, fs, fa. 
4 


gS am 2ekarXa + xaxexr + xaxixe + xuXers _ fa 
X1X2X3X4 ts 


Let f(n) = n(n + 1) where n is a natural number. Find the values 
of m and n such that 4f(n) = f(m) where m is a natural number. 


Assume 4f(n) = f(m), or 4n(2n + 1) = m(@m+ 1). Then 
4n? + 4n = m? + m, 4n? 4+ 4n+1 = m?+m+4+1, 2Qn41)? = 
m? + m+ 1. But m? + m + 1 cannot be the square of an inte- 
ger. Therefore, there are no natural numbers m and n such that 
4f(n) = f(m). 

INTERPRETATION I: We may say that the product of two successive 
natural numbers cannot be equal to four times the product of 
some other pair of successive natural numbers. 

INTERPRETATION II: Since 


(4f(n) = fom) = (4-3 £@ = 5 fen) 
=> (4-5 mn +1)= + m(m + 1)) ; 


and since 5 K(k + 1) represents the sum of the first k natural 


numbers (see Appendix VID, we may say that the sum of a 
given number of natural numbers starting with | can never equal 
four times the sum of some other number of natural numbers 
starting with 1. Try it! 


Find the positive real values of x such that x*” = (x*)’. 


Taking logarithms of both sides of the equality to some suitable 
base, we have x*logx = xlogx* = x*log-x. Therefore, 
(x? — x*)logx = 0. When logx = 0, x = 1, and when 
x* — x? =0,x = 2. 

COMMENT: The equation x? — x? = 0 is also satisfied by x = 1, 
a value we already have. 
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1 


10-9 If x=3+4+ i and y=34+—_, find the value of 
ao Se aa | 
3 pare 
Ix — yl. 9g 
ae : x 
The equation x = ate equivalent to x = Boa Sea he 
x 


x # 0, and this equation, in turn, is equivalent to 3x? + x = 
9x + 3 + x which, when simplified, becomes x? — 3x — 1 = 0. 
Similarly, the equation for y can be converted to the equivalent 
equation y? — 3y — 1 = 0. We may represent either of these 
equations by 1? — 3¢ — 1 = O, using the neutral letter ¢. One 


3+V13 
2 


root of this equation is . Therefore, each of x and yp is 


the fraction expansion of this root so that |x — y] = 0. 


VERIFICATION: x = svi = s4vis—3 (replacing 3 by 6 — 3) 


V/13 — 3 1 : - a it 
= 3+ ar aon 3+ << ce = fraction 57 ) 
V3 - 3 a 
eee (ee eee Aa 
= 26/13 + 3) SIM 73 3 V3 — 3 V3 +3 
4 _ 26/13 + 2) 
a 4 
=3+ =a =3+4 : (since a i+ vB) . Continuing in 
2 
this manner, we obtain x = 3 + or . In a similar manner, we 
3+ = 
develop y = 3 + ; i 
oe 
3+ 
y 
Challenge Express 2 +vB as an (infinite) continued fraction. See 
Problem 10-10. 
a a a 
3+ 1 
3+ Zee 


This is obtained by operating in the manner shown in the veri- 
fication section above. 
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2 


10-10 Assuming that the infinite continued fraction 5) 


2+ 
2 
ie eo 
represents a finite value x, find x. (Technically, we say the infinite 
continued fraction converges to the value x.) 
2 P 
5 ee + 2x —2=0,x = V3 — 1. We reject the value 


x = —/3 — |, since the original fraction is not negative. 


x= 


Challenge 1 Assuming convergence, find 
2 = 


—2 + ——_—_ 
2 
a BOS Her TAN 


METHOD I: y = —2 +5, y? + 2y-2=0, 


y= -¥V3 -1 
METHOD II: y = -2 + ——+,— = 
Se Tae 
ae SEO, Sr aa 
—2-x=-2-vV34+1=-vV3-1 


NOTE: x has the value stated in Problem 10-10. 


10-11 Find iim F;; that is, the pipe 4 of F ash becomes arbitrarily 


isa: ‘0 a where F = ————__—- 3 ,h#¥0. 
pa wvit FA- V3 oy ee h 
: V3Fh+SS ATF Maer) 


1 


= SSS Therefore, A tae ain fi 


10-12 Find the limiting value of F = wel , 


integer, as x assumes values arbitrarily close to 1; that is, find 
lim F. 


x * I, where a is a positive 


xed eH DOT + xe? + txt DY 
x-1 x-1 
= xT ee txt ix #1. 
Therefore, lim F=1+1+--'-+1+1=a. 
z—1 
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ILLUSTRATION: Let F = x = Sate e = x? 4 
x + 1,x ¥ 0. As x takes values arbitrarily close to 1,x? + x + 1 
approaches arbitrarily close to 3. 

We invoke the help of a geometric picture, Fig. $10-12. 
The graph of F is the parabola y = x? + x + 1 with the point 
common to x = 1 deleted. As we approach arbitrarily close to 
x = I along the x-axis, we come arbitrarily close to y = 3 along 


the y-axis. 
| | | | US fd 
SRR RHUE 
a ae ea 
$10-12 
10-13 If n is a real number, find lim —- in terms of n; that is, the 
x2 


i] 


ayy eee 5s 
limiting value of = =a asx approaches arbitrarily close to 2. 


xe — 2s (3) = 


x 
Lett F= uae Cer Let z= Ith Then 
2 2a-k 
lim F = lim 22! 2 
22 h h 1 
1 + nh + OD pa +++) -1 
= 2°—1 lim ; (See Appendix VI.) 
h-0 
= gn-l lim n+ GP at---) = n-27-1, 


10-14 A function f is defined as 


f= . whenx = 1, 
~ (2x — 1+ f(x — 1) when x > 2, x an integer. 
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Express f as the simplest possible polynomial. 


We have f(2) = 2-2 -—14+ 1 = 22,3) =2-3-—142?= 
37, Let us guess f = x?, and try to prove the result by mathe- 
matical induction. 


(1) We have f(1) = 12 = 1. 

(2) Assume f(k) = 2k —14+f(k — 1) = k?. 

(2k + 1) 4+ 2k -—14+ fe -— 1) = Qk +14 k?). 
2k + I-14 2k -14+f -— DI= &+ 2’; 
that is, 2k + 1) -—14+f(K) = (A+ 1)’. 

By definition, f(A + 1) = 2(k + 1) - 1+/(). 
Therefore, f(k + 1) = (kK + 1)?, and so the guess is valid. 


11 Inequalities, More or Less 


11-1 Let P = (> — 1)(; — 1)(=— 1) where a, b, c are positive 


numbers such that a + b+ c = 1. Find the largest integer N 
such that P > N. 


P= G-)G-)G~1) 


1 1 
Pm aH Ce tie tas) + G+5+5)-1 
b+ate 
Since = + 4 +a- pee anda+éb+c=l, 


poke (sted -1 

Therefore, P = + +542 —- 1. 
Sinceea+b64+c=1@+b+oP=P= 
@+o+oe+5+2)-1. 

But @+b+o(5+5+>) > 3. (See Appendix IV.) There- 
fore, P>9-—1= 8. 
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11-2 Find the pair of least positive integers x and y such that 11x — 
l3y = l andx + y > SO. 


The general solution to Ilx — 13y = 1 is x = 6+ 134, y= 
5 + Ilr (see Problem 9-11) with ¢ = 0, +1, +2,.... 

To satisfy the second condition, we have x + y = 6 + 132 + 
5 + Ilt = 11 + 241. Since x + y > 50, 11 + 241 > 50, ¢ > 2. 
Taking ¢ = 2, the least permissible value, we have x = 6 + 
13-2 = 32andy = 5+ 11-2 = 27. 


11-3 Is the following set of inequalities consistent? (Consider three 
inequalities at a time.) 


zr+9S3,-%-y2Ox%2-1,-y<s2 


The set of inequalities x + y< 3, x>-—1, —y<2 (the 
equivalent of y > —2), determines the triangular region P,P2P3. 
(See Fig. S11-3.) The inequality —x — y > 0, or its equivalent, 
x + y < 0, represents the set of points in the half-plane below 
the line x + y = 0. 


$11-3 


The intersection of this half-plane and the triangular region 
P,P2P3 is the triangular region P3P4P 5. 

Since the two triangular regions are not coincident, the set of 
inequalities is inconsistent. 
COMMENT: The inequalities x + y < 3, x > —1, and —y < 2 
are consistent, and the sett —x — y > 0, x > —l, and —y < 2 
is consistent. 


11-4 Find the set of values for x such that x* + 1 > x? + x. 


154 SOLUTIONS 


METHOD 1: (Algebraic) 
GF +1> x74 9)>5 [« + DO? -—x4+ D> x04 D) 


Therefore, when x + 1 > 0,x? —x+1>-x. 

But (x? — x + 1 > x)= [(x — 1)? > O]. Therefore, x # 1. 
Since x + 1 > 0, x > —1. Therefore, x? + 1 > x? + x for 
x > —1, except for x = 1. 

Stated otherwise, x? + 1 > x? +x when —1 <x <1, or 
when x > 1. 


METHOD Ii: (Geometric) In Fig. $11-4 are shown the cubic curve 
y = x® + 1 and the parabola y = x* + x for -I1 <x <1. 


For x > 1,x°+1> x74 x; 
forx=1,x°+1=x?4+x; 

for -1 << x<1,x'+1> x?4 x; 
forx < —i,x®?®+1< x? 4x. 


$11-4 


11-5 Consider a triangle whose sides a, b, c have integral lengths such 
thatc < bandb <a. Ifa+b+c = 13 (inches), find all the 
possible distinct combinations of a, b, and c. 


Since a+ b+ c= 13, 6+c = 13 —a. Butb+c>a (the 
sum of two sides of a non-degenerate triangle is greater than the 
third side). 
Therefore, 13 —a>a so that a< 6. Since b< a, b< 6. 
Therefore, c > 1. 

Also, c < 3, for ifc > 4, then a + 6 < 9; and when a = 8, 
a and b each equals, at most, 4. But since 6 > c, this is a con- 
tradiction. 

When c equals 3, a+ 5 equals 10. Therefore, if a = b, 
each equals 5, and if a > 5, then a = 6 and b = 4. 
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It follows that the possible combinations are 


a=6,b=6,c=1; 
a=6,b=5,c=2; 
a=6,6=4 c= 3; 
a=5,b=5,c¢ =3. 


In summary, then, 1<c<3,4<b5<6,5<a<6. 


F : ooh 1 
11-6 A teen-age boy is now n times as old as his sister, where n > 35: 


11-7 


In 3 years he will be n — 1 times as old as she will be then. If the 
sister’s age, in years, is integral, find the present age of the boy. 


Let s represent the sister’s age in years; then ms represents the 
boy’s age in years. 

(n — DG+ 3) = ns 4+ 33 ms—s4+3n—3=ns4+3; 

3n = 6 +sj;n=24+3 


But 2 > 35,802 +3> 35 ; that is, s > 4. 
Since the boy is a teen-ager, 13 < ns < 19. Substituting for n, 
13 < 26+ 5 < 19, and 39 < s? + 6s < 57. 
By adding 9 to each side of the inequalities, we have 48 < 
(s + 3)? < 66. Therefore, 6<s+3< 8 and3<s<5. 
Since s> 4 and s < 5, s = 5, and, since n = 2+4> 
n= 3p 
Therefore, the present age of the boy, ms, is 183 years. 


Express the maximum value of A in terms of 0 so that the following 
inequality holds for any positive integer n. 


n n—2 n—4 sade oi ae i 
RP RE EE beet tee te eA 
Since the sum of a positive number and its reciprocal is greater 
than or equal to 2, x + < >2 and x? 4+ - > 2. Therefore, 
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11-8 


11-9 


x?4+14 > 3. Similarly, x° + + > 2 and ee + 
yomerahlee rs! > 2and x4 +2 +145 +42 
5. Assume that x* + x*—? 4+ ---4 a +4 zak + 1, where 
k is odd. Since aes <a > 2, then eee + xk 4 xh 2 


+544 cto Dk +142 =k43. Therefore, 


A=n+1. 
COMMENT: The proof given makes use of Mathematical Induction. 
(See Appendix VII.) 


Find the set Ry = {x|x® + (x? — 1)? > |2x(x? — 1)|}, and the 
set Ro = {x|x? + (x? — 1)? < |2x(x? — 1}. 


Let f = x and g = x? — 1. Since (f — g)? > 0, f? +27 > 
2fg. 

ox? 4 (x? — 1)? > 2x(x? — 12 

Since x? + (x? — 1)? > 0, x? + (x? — 1)? > [2x(x? — DJ. 
Thus, R, is the set of real numbers, and Rz is the empty set. 


Show that F = 5+3-2--° 2 < ae 

PROOF: Let G = 2-2.8...20. 

Since }<3,5<3, par <a FG. 
FP < FG = 4-203. OL and F< gq: 


3 5 7 101 100 
: 2 3 4 
Since 5< 3.54 < 45> »,F<P oe 
Tiss ie eet 101 
But FP = Toi’ .P> iol * Vir and P > “tor 


11-10 Which is larger 9! or */10! ? Be careful! 


METHOD I: We prove that the positive geometric mean (see 
Appendix IV) Ga4i = "(m+ DD! is greater than G, = Val, 
and, hence, ¥/10! > ~/9!. 
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Since "Wn + 1 > "NY, “Wal + D2 > *X/aln (mul- 
tiplying by "4\/n!); that is, “Wm + D! > “Wan. 


Since n" > nt forn > i, n> Wnt. 
1 n+l 

Junin > ni(ntye = (nt) * , and "h/nin > Wal. 
Thus “YW + DI > "Vain > Wal. 
METHOD II: Raise both expressions to the 90th power. 

(9/91) < (A101)? 

(91)'° & (10!)° 
(91)°!) < (91)9(10)° 
91 = 10° 

This is obviously true, so we proceed to conclude that 


VI < VIO. 


11-11 If x is positive, how large must x be so that \/x2 + x — x shall 
differ from ; by less than 0.02? 
Vx24+x—-x- ;| < €, so we replace .02 by e and, hence, 


solve a more general problem. 


1 
pie< Ve Fx-x<5te 


1 
But x? xX — x = = 
Vx? 4+x4x ren 
x 


1 1 1 — 2 


6p ee ee ae i ae 
wt ; So ea yan {loa A, 
afititt 
it*, (1 + 2e)? 
jl +2 <0, s14+ x<@-29? 


1 8e : (i — 26)? | 
oO — 2 Re 


For € = .02, x > 5.76. 


11-12 Find a rational approximation . to ~/2 such that — = < 
Vi - = < = wheren <8. 
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2 1 1 1 5 
Since -p<vi-t<=z, ~g<nvi-m<t. Since 


i= .125, we list below, for n < 8, the approximate values (three 

decimal places) of m/2 — m such that m/2 — m < 1. 
/2—1= .414 5/2 — 7 = .070 
2/2 — 2 = 828 6/2 — 8 = 484 
3/2 —4 = .242 7/2 — 9 = 898 
4/2 —5 = 656 8/2 — 11 = 312 


From the table we find — ; <5/2-7T< ‘ Therefore, 
rm <V2- z < ae so that the required “ is 
QUERY: Can you show that the answer is unique? 


11-13 Find the least value of (a, + a2 + a3 + au)(= += aig es ~ 
where each a;, i = 1, 2, 3, 4, is positive. 


We prove more generally that 
1 1 1 
(a + ag +--+ tay += 4--- 42) D2? 


where each a;, i = 1,2, ...,m, is positive so that the answer to 
the given problem is 47 = 16. 
By definition, the harmonic mean (H.M., see Appendix WN) 
Pe : a +art+ = 
of positive numbers is H.M. = (eee 
= T° Since the H.M. < A.M. (arithmetic mean; 
—<—o + — + see + Pans 


ai a2 an 


see Appendix IV), then 5 i 


Therefore, (ay + ag +++ tan) (SFE H-+- +2) Dn? 
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12 Number Theory: Divide and Conquer 


12-1 Let N,; = .888..., written in base 9, and let No = .888..., 
written in base 10. Find the value of Ny — Ne in base 9. 


Apia? Bg ae rs 3 Be te OD pte th 
METHOD I: Ny = 9 + 92 + °° = 1,N2 = jo tag t= 5 
“.N, — No = § which is .1 in base 9. 

METHOD II: Since No = .888... in base 10, then 10N,_ = 
8.888 .... 
By subtraction, 9N2 = 8 so that No = S 


9 
Similarly, since N,; = .888... in base 9,9N, = 8.888..., 
and, again by subtraction, 8V; = 8 so that N; = 1 
1 


JNY — No = 9° 


12-2 Solve x? — 2x + 2 =0 (nod 5). 


Since x? — 2x + 2 =0 (mod 5), x? — 2x + 1 = —1 (mod 5). 
We may now replace —1 by 4 — 5 and, then, reduce the co- 
efficients by multiples of 5. We have x? — 2x+1=4-—5 
(mod 5), x? — 2x + 1 =4 — 0 (mod 5), and, so, x? — 2x + 
1 = 4 (mod 5). Therefore, x — 1 =2 (mod 5) or x — 1 = —2 


(mod 5). 
From x — 1 =2 (mod 5) we obtain x = 3 (mod 5); that is, 
x = 3 + 5k. 


From x — 1 = —2 (mod 5) we obtain x = —1 (mod 5). This may 
be modified to x =4— 5 (mod 5) and, consequently, x = 4 
(mod 5); that is, x = 4 + 5k. 

In either expression for x, kK may have the values 0, +1, 
2#2,.... 


12-3 Find the positive digit divisors, other than 1, of N = 664,512 
written in base 9. 


As a general principle, it can be said that N = aox” + ayx"—! + 
+++ + an_1x + a, is divisible by x — 1 if ag + a, +-+++ ay 
is divisible by x — 1, (see proof below), where x, a positive 
integer, represents the base designated. 
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Since 6+64+4+5+4+1+42 = 24 = 8:3, N is divisible by 
8 and, hence, also by 2 and by 4. 


prooF: N = ao[(x — 1) 4+ I + ale—- D+ 1" '4+-:- 
+ anil(x — 1)+ 1] + a, 

We may write ao{(x — 1) + 1)” = apAg(x — ID +49 

where Ay is a polynomial in x of degree n — 1. 

Similarly, a,{(x — 1) + 1]"~? = a;A,(x — 1) + a1, where A, 
is a polynomial in x of degree n — 2. And so forth until we reach 
Qn—2[(x - 1) + 1]? se An—2An—o(x - 1) + Qn—2 

with A,_» of degree 1. Finally, we have 


Gn—il(x — 1) 4+ 1) = a@n_y(x — 1) + an_y. 


N, therefore, is the sum of a multiple of (x — 1) 

and ag + a; +--+ + an_i + an. If, then, 

ag +a, +°°> + an_1 + a, is divisible by x — 1, 

then so is N. 

NOTE: There may be other digit divisors in special cases. For 
example, M = 664,422 in base 9 has an additional divisor of 5. 
Show that an additional divisor of 5 occurs whenever the base 9 
number is divisible by 11 in base 9. (See Appendix V.) 


Find all the positive integral values of n for which n* + 4 is a 
prime number. 


n¢+4=n*+ 4n? + 4 — 4n? = (n? 4+ 2n + 2Y(n? — 2n +2) 
Forn = 1,n* + 4 = 5-1,a prime. 

For n > 1, n? + 4 is composite since it has the two factors 
n? + 2n + 2 and n? — 2n + 2, each greater than 1. 

Hence, n* + 4 is prime only forn = 1. 


Let B, = x* — 1 and let By = x> — 1 with a, b positive integers. 
If By = x” — 1 is the binomial of highest degree dividing each of 
B, and Bp, how is y related to a and b? 


Obviously, y divides both a and b because if a = ya, and a, is 
an integer, then x* — 1 = x¥1 — 1 = (x’)) — 1, which is 
divisible by x” — 1. A similar argument follows for 5 = yb. 
Thus, the maximum value of y is the greatest common factor of 
a and 6, or y = (a, d). 


12-6 


12-7 
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ILLUSTRATION: Let a = 9 and 5 = 6. Then y = (9, 6) = 3. 
VERIFICATION: By = x® — 1 = (x*)? — 1 
(x? — 1)x® + x? + 1) 
By = x®— 1 = (x3)? - 1 
= (x? — DF + 1) 
B, and By, are each divisible by By = x* — 1. 


If f(x) = x* + 3x3 + 9x2 4+ 12x + 20, and g(x) = x*+ 
3x3 + 4x? — 3x — 5, find the functions a(x), b(x) of smallest 
degree such that a(x)f(x) + b(x)g(x) = 0. 


Since f(x) = x* + 3x3 + 9x? + 12x + 20 
= x* + 3x9 + 5x? 4+ 4x? + 12x + 20 
= x(x? + 3x + 5) + 4(x? + 3x + 5), 
and since g(x) = x* + 3x3 + 4x? — 3x — 5 
x* 4 3x3 + 5x? — (x? 4+ 3x4+ 5) 
= x°(x? + 3x + 5) — (&? + 3x + 5), 

f(x) = (x? + OHO? + 3x4 5), 
and g(x) = (x? — 1)(x? + 3x + 5). 
/. B(x) = x? + 4, and a(x) = —(x? — 2) = 1 — x?; 
or B(x) = —(x? + 4), and a(x) = x? — 1, 
since (1 — x?)(x? + 4)(x? + 3x + 5) 

+ (x? + 4x? — DO? + 3x + 5) = 9, 
and (x? — 1)(x? + 4)(x? + 3x + 5) 

— (x? + 4)(x? — I(x? + 3x + 5) = 0. 
COMMENT 1: Obviously, if f(x) and g(x) are relatively prime, 
then a(x) = —g(x) and d(x) = f(x), or a(x) = g(x) and 
b(x) = —f (>). 
COMMENT 2: In general, if f(x) = Di(x)Q(x) and g(x) = 
D2(x)Q(x), then a(x) = D2(x) and B(x) = —D,(x), or the 
respective negatives. 


Find the smallest positive integral value of k such that kt + 1 
is a triangular number when t is a triangular number. (See 
Appendix VII.) 

Since a triangular number ¢ is of the form 3 n(n + 1) where n 
is a natural number, and since we require that kt; + 1 = fo, 
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12-8 


12-9 


we have H5 rr + 1)] +1= + s(s +1). Therefore, kr? + 


kr t+ 2 = s(s + 1) = (A + IA 4 2) where s is replaced by 
A+. Therefore, kr? + kr4+2 = A?+3A442 so that 


kr? = A? and kr = 3A. Therefore, r = $ ae = be 


Since the smallest value of k is required, choose r = 1. Then 
s=4and k = 9. 

ILLUSTRATION: Let ¢ = 5 (5)(6) = 15; then 9¢-++ 1 = 136 = 
3 (16)(17). 

VERIFICATION: Since m = 3n + 1, we have k- 5 a(n +)D= 
5 Gn + 1)Gn + 2) = 5 On? + 9 +2) =9-Sn@+ +1 
Thus, k = 9. 


Express the decimal .3 in base 7. 


a2 


3 ai 
We have 10 = Fz + Zz 
be determined. To find a;, multiply through by 7, thus obtaining 


a3 
a age te where @1, @o, a3, ... are to 


3-7 21 1 a2 a3 = 
OT ett Utz tet , so that a, = 2. 


To find a2, multiply through again by 7, thus obtaining 


Ae Se oie Lae Be A ices = 
70 ~~ OF Gg = 2 +7 + , 80 that a. = 0. 


Continuing in this manner, we have 


49 9 a = 
iO Ge oe , 80 that az = 4, 


7-7 
10 
9-7 63 3 as _ 

0 pot p = ett , so that a, = 6. 


Thereafter, the digits repeat in cycles of 2046. 
Therefore, .3 (base 10) = .20462046 . . . (base 7). 


The following excerpt comes from Lewis Carroll's Alice’s Ad- 
ventures in Wonderland. 

“Let me see: four times five is twelve, and four times six is 
thirteen, and four times seven is—oh dear! I shall never get to 
twenty at that rate!” 

Do you agree or disagree with the author? 


12-10 
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Here is one interpretation of the excerpt: 


4 X 5 (base 10) = 12 (base 18), 4 X 6 (base 10) = 13 (base 21), 
4 X 7 (base 10) = 14 (base 24),..., 4 X 12 (base 10) = 19 
(base 39) 


where the successive bases are in arithmetic progression. The 
next term, if we continue in this vein, should be 4 X 13 (base 
10) = 20 (base 42). However, 20 (base 42) = 84, not 52. 


If we write 4 X 13 = lu (base 42), and allow u = 10, we 
can Satisfy the requirement, but if u is limited to the set 
{0, 1, 2,...,9}, we cannot satisfy the requirement. 


Show that, if a? + b® = c?, a, b, c integers, then P = abc is 
divisible by 60 = 3-4-5. 


Let a = m? — n?, b = 2mn, c = m? + n?. Then 
P = 2mn(m — n\(m + n)(m? + 1”). 


CASE I: If either m or n is even, then 4 P, where 4 P means that 4 
divides P exactly. If both m, n are odd, then m — n is even and, 
therefore, 4[P. 


CASE 11: If either mm or n is of the form 3k, then 3|P. 

Ifm = 3k + landn = 3L 4 1, thenm — n = 3r So that 3|P. 
Ifm = 3k 4+ landan = 3L — 1, thenm +n = 3s so that 3/P. 
Similarly for other combinations. 


CASE 1: If either m or n is of the form 5k, then 5|P. 

If m = 5k + landan = 5L + 1, then m — n = 5rso that 5|P. 
If m = 5k + landn = 5L + 2, then m? 4+ n? = Sr so that 5|P. 
For other combinations, proceed in similar fashion. 


These cases are independent and, hence, the results may be 
superimposed so that P is divisible by 3, by 4, and by 5, and, 
hence, by 3-4-5 = 60. For primes beyond 5, the reasoning 
fails. Therefore, the largest integer divisor is 60. Alternatively, 
since the greatest common factor of 3-4-5 and 5-12-13 is 
60, the largest integer divisor is 60. 


12-11 Find the integer values of x between —10 and +15 such that 


P = 3x? 4+ 7x? is the square of an integer. 
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Since P = 3x3 + 7x? = x2(3x +7) = N?, either x = 0, or 
3x + 7 is the square of an integer. We therefore set 3x + 7 = 
K? = 3(x + 2) + 1. Since the right side of this last equality 
leaves a remainder of 1 when divided by 3, the same holds for K?. 
Therefore, K? = 3m + 1 and, in consequence, K = 3m + 1. 


Put another way, since 3x + 7 = 1 (mod 3), K? = 1 (mod 3). 
For m = 0, K = +1 and x = —2. 

For m = 1, K = 2 or 4 and x = —1 or 3. 

For m = 2, K = 5 or 7 and x = 6 or 14. 

Therefore, the required set is {—2, —1, 0, 3, 6, 14}. 


12-12 Find the geometric mean of the positive divisors of the natural 
number n. (See Appendix IV.) 


Let the divisors of n be dp(= 1), d;, do, .. . , dk_1, dy (= n) where 
dy, = z >A. = mm , and so forth. Therefore, when k is even, 
G.M. = Wdodi--- dkidk = Wn-n-n(k/2 factors), since 
n = dod, = dyd,_, = -+-. When k is odd there will be “5+ 


xk 
factors n and one factor +/n. In either case, we have k Vn? = 


1 
ni = /n. 
ILLUSTRATION 1: Find the G.M. of the positive divisors of 72. 
G.M. = W1-2°3°4-6-8-9- 12: 18> 24-36-72 
= VY726 = /72 
ILLUSTRATION 2: Find the G.M. of the positive divisors of 16. 
G.M. = V1-2-4-8-16 = W162-4 = V45 = 4 = /16 
12-13 Show that if P= 1-2-3-...:nandS=14+243+4+::° 
+ n, n @ natural number, then S exactly divides P if n is odd. 
PROOF: If 2 is odd we may represent it as 2k + 1. Then 
Pe. 1-2+3-+...Qk +1) = (2k + 1)! 
5 (2k + 1)(2k + 2) 


(2k + 1! (See Appendix VII.) 


~ Qk + DK +0 


But both (2k + 1) and (kK + 1) are factors of (2k + 1)!. There- 
fore, S divides P. 
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5 (2k)(2k + 1) 
which may or may not be an integer since 2k + 1 is not neces- 
sarily a factor of (2k)!. 

ILLUSTRATION 1: Let m = 21. 

Then P = 21! and S = 5 (21)(22) = 11-21. 

Since 21! contains each of the factors 11 and 21, S divides P. 
ILLUSTRATION 2: Letn = 8.ThenP = 8! and $ = 5 (8)(9) = 36, 
and 8! is divisible by 36. 

ILLUSTRATION 3: Let n = 6. Then P = 6! and S = 21, and 6! is 
not divisible by 21. 


. * P 
If 2 is even we may represent it as 2k. Then 3= 


12-14 By shifting the initial digit 6 of the positive integer N to the end, 
we obtain a number equal to aN. Find the smallest possible value 
of N that satisfies the conditions. 

Let the digit representation of NW be 6a2a3...a, So that aga3... 
a,b = 5 (62a ..-@n). When each side of this equation is 
multiplied by 4, the terminal digit on the right is a, while the 
terminal digit on the left is 4. Thus, a, = 4. Then, the digit 
preceding 6, on the left side, is 8 since 4 XK 4+ 2 = 18, so that 
the corresponding digit on the right a,_; = 8. Continuing in this 
manner, we have 4 X 8+ 1 = 33 so that an_2 = 3,4 X34 
3 = 15 so that a,_3 = 5, 4X 5+ 1 = 21 so that a,_, = 1, 
and, finally, 4X 1+2=6 so that a,_5; = 6. Therefore, 
N = 615,384. 

VERIFICATION: * (615,384) = 153,846 

Of course larger values of N are obtainable by repeating the basic 


block of integers which, in this case, are 6, 1, 5, 3, 8, 4. Thus, for 
example, we have 


No = 615,384,615,384 or N3 = 615,384,615,384,615,384, 
and so forth, each satisfying the conditions of the problem, since, 
for example, 3 (615,384) = 153,846 and 3 (615,384,000,000) = 
153,846,000,000, and, hence, + (615,384,000,000) + 7 (615,384) = 
153,846,000,000 + 153,846; that is, 


153,846,153,846 = + (615,384,615,384), 
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Show that the general form for N is 615,384(105" + 108"™—-) 
+--++ 10° + 1), where m = 0,1,2,3.... 


Find the two-digit number N (base 10) such that when it is divided 
by 4 the remainder is zero, and such that all of its positive integral 
powers end in the same two digits as the number. 


Set VN = 10a + 5b. Since 10a + b = 4m, b is even. The only two 
even digits whose square has the same terminating digit as the 
digit itself are 0 and 6. Hence. b = 0 or 6. 

The case 5b = O leads toa = Osothat N = 00, a trivial case, 
for, if a ¥ 0, N will terminate in 0 while its square will terminate 
in 0C. 

N = 10a + 6 = 4m, 5a4+ 3 = 2m;..a = 1,3, 5,7, or 9. 
But N? = (10a + 6)? = 100a? + 120a + 36 = 100a? + 100d + 
10e +- 36, where we set 120a = 100d + 10e. Since the last two 
digits of N* are the same as those of N, 10e + 36 = 10a + 6, 
a=e-+3sothata > 3. Also, 120a = 100d + 10(a — 3), 
lla = 10d — 3, Ila < 87,a <7. 

Try a = 3, 36? = 1296 (reject). Try a = 5, 56? = 3136 (reject). 
Try a = 7, 76 = 5776 (accept). ...N = 76. 


Find a base b such that the number 321, (written in base b) is the 
Square of an integer written in base 10. 


Since 3b? + 26+ 1 = N%, p= tye 


fatic formula). Since 6 > 4 and integral (Why?), the expression 
—24+ V12N2 — 8 > 6k with k = 4,5,.... The values k = 4 
and k = 5 yield non-integral values for N. For k = 6, —2 + 
V/12N2 — 8 = 36 and N? = 121. 

VERIFICATION: 321, = 12119 = 117 


(quad- 


(a-—ble-d)_ 5 (a — c)(b —d)- 
Tf ie—eod—a) ~~ 3°44 yew 
(a-dle-d)_ ,, (6 -chd—a) _ 1) 
Let GH od =e) te "Cone ae TF 
(b-eld-a)_ , 1 _ (a— be — d) — (6 - Md — a) 

MN Na = (a — bie — a) 
_ ac — be — ad + bd — bd + ab + cd — ac 
= (a — bye — a) 
_(a-chb-d 3 8 
~ C= ee pe eT 
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12-18 Solve x(x + I(x + 2x + 3) 4+ 1 = y? for integer values of 
x and y. 


Let P = x(x + 1)(« + 2)(x + 3). Since the product of four 
consecutive integers is divisible by 24, we may write P = 24m 
where m = 0,1, 2,....Since P + 1 = 24m + 1 is the square of 
an integer for selected values of m, we set 


x(x + I(x + 2% + 3) 41 
= xt + 6x3 + Ix? + 6x +1 = (x? + ax 4+ 1). 


By comparing the coefficients of like powers of x on both sides of 
this identity, we find a = 3. 

Therefore, y? = (x? + 3x + 1)? so that y = x? + 3x41 
or y = —(x? + 3x + 1), and, hence, there are infinitely many 
solutions in integers since we may assign to x any arbitrary 
integer value. 


12-19 Factor x* — 6x* + 9x? + 100 into quadratic factors with integral 
coefficients. 


METHOD I: Let P = x* — 6x3 + 9x? +4 100 = x7(x? — 6x +9) + 
100 = x7(x — 3)* + 100. If x? + ax + bisa factor of P, then 
a value of x such that x? + ax + 6 = 0 will also make P = 0. 
(See Appendix II.) Setting x?(x — 3)? + 100 = 0, we have 
x(x — 3) = 10i or —10/ where i = /—1. 

By subtracting 10i from both sides of x(x — 3) = 10i, we 
have x? — 3x — 10i = 0, and by adding 10i to both sides of 
x(x — 3) = —10i, we have x? — 3x + 103 = 0. 

Using the quadratic formula on each of these quadratic 
equations, we find x = —1+42i, or x = 4+ 2i, or x = 
—1 — 2i,orx = 4— 2). 

So, P = [x — (-—I + 2)][x — (—1 — 20] 
X [x — (44 2x — (4 — 21] 
= [@ + 1) — 2@ + 1) + 21 
X [@& — 4) — 2] — 4) + 2i) 
= (x? + 2x + 5)(x? — 8x 4+ 20). 


METHOD 11: x* — 6x? + 9x? + 100 
= (x? + ax + bx? + cx + a) 
= x*+ (a+ cx? + (6 +. ac + d)x? + (bc + ad)x + bd 


.. bd = 100 = 5-20 = 10-10 = 25-4 = 50-2 = 100°1 
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Try 6 = 5, d = 20; then ac = —16. Since, also, a +c = —6, 
a= 2 and c = —8 or a = —8 and c = 2. The factors are, 
therefore, 

(x? + 2x + 5)(x? — 8x + 20). 


12-20 Express (a® + b*)(c? + d?) as the sum of the squares of two 
binomials in four ways. 
(a? + b*\(c? + d*) = azc2 + a*d? + b2c2 + b2q2 
= a*c? + abcd + b7d? + a?d? 
— 2abcd + b*c? 
= (ac + bd)? + (ad — bc)? 
NOTE: The other three forms are obtained in a similar manner. 
They are (ac — bd)? + (ad + bc), (ac + bd)? + (be — ad)’, 
and (bd — ac)? + (bce + ad)’. 


12-21 Observe that 1234 is not divisible by 11, but a rearrangement 
(permutation) of the digits such as 1243 is divisible by 11. Find 
the total number of permutations that are divisibie by 11. 


Since divisibility by 11 requires that the difference between the 
sum of the odd-numbered digits and the sum of the even-numbered 
digits be divisible by 11 (see Appendix V), all permutations with 
1 and 4 as either the odd-numbered digits or the even-numbered 
digits, are divisible by 11. 

The number of such permutations is 8, namely, 1243, 1342, 
4213, 4312, 2134, 3124, 2431, 3421. 


12-22 Find all integers N with initial (leftmost) digit 6 with the property 
that, when the initial digit is deleted, the resulting number is 4 
of the original number N. 
Let N have k + 1 digits. ..N = 6-10" + y, where y has k 
digits. 
6+ 10% + y = 16y, y = 2% = 4-10, with & > I. 
Fork = 1, y= 4, N = 64. 
For k = 2, y = 40, N = 640, and so forth. 
..N = 640...0 with n zeros, where n = 0,1,2,.... 


12-23 Find the largest positive integer that exactly divides N = 11*t? + 
127*t+1 where k = 0,1,2,.... 
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By adding zero to the right side in the form of 11*- 12 — 11*- 12, 
we have N = 11*- 117 + 11*- 12 — 114-12 4+ (12?)*- 12. 
N = 11? + 12) + 12(144* — 1145 
N = 11? + 12) + 1212? — 11044"! 4-4 DFO 
N = 11*(133) + 12(133)(1444-1! 4 «++ 4 11k) 
Since 133 appears in each term on the right, N is exactly divisible 
by 133 = 117 + 12 = 12? — 11. 
Challenge 1 Find the largest positive integer exactly dividing N = 
Tet? 4 Brkt] where k = 0,1,2,.... 
Follow the solution shown above. 
ANSWER: 57 = 72 4+ 8 = 8? —7 
Challenge 2 Show in general terms that N = A**? + (A + 1)?*t}, 
where k = 0,1,2,..., is divisible by (A + 1)? — A. 
By adding zero to the right in the form of (A*(A + 1) — 
A*(A + 1)), we have 
N = A¥- A? 4 AKA + 1I)— AHATD 
+ (4+ D4 + D. 
A(A? +A+1)4+ (A+) 104 + 1?¥ — AY 
= A(A? + A+ 19+ (441 
X (4 + 1)? — ANCA + 1? 4-0 + APO] 
= AA? + A+ 1) 4 (44 14? + 2441-4) 
X14 1 ee APO] 
Therefore, N is divisible by 47+ A+1=(A+1?—A 
since the factor A? + A + 1 appears in each term. 


12-24 For which positive integral values of x, if any, is the equation 
x® = 9k + 1, where k = 0,1,2,..., not satisfied? 


Since we are seeking multiples of 9 (increased by one), we con- 
sider those values of x that leave remainders of 0, 1, or 2 when 
divided by 3, since the second and higher powers of 3 are multiples 
of 9. 

If x = 3a4+ 1, a=0,1,2,..., then x® = a+ 1)® Of 
the seven terms in the expansion of (3a + 1)§, each of the first 
six is divisible by 9, and the last term is 1. Therefore, x® = 
(3a + 1)® may be written as 9k + 1. 

If x = 3a + 2,a = 0,1,2,..., we may write x = 3b — 1, 
b= 1,2,3,... where b= a+ 1. Then x® = (5 — 1)®. Of 
the seven terms in the expansion of (35 — 1), each of the first 
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six is divisible by 9, and the last term is 1. Therefore, x® = 
(3b — 1)® may be written as 9k + 1. 

If, however, x = 3a, a= 0,1,2,..., then x® = (3a)§, 
which, when divided by 9, leaves a remainder of 0. 

Therefore, all those values of x such that x = 3a where 
a=0,1,2,..., fail to satisfy the given equation, and all those 
values of x such that x + 3a do satisfy the given equation. 


12-25 if n, A, B, and C are positive integers, and A — B® — C® is 
divisible by BC, express A in terms of B and C (free of n). 


Using Mathematical Induction (see Appendix VII), we note that 
forn = 1, A— B— C= k,BC so that A = B+ C+ k,BC 
where k, is an integer constant. Assume that, for n = k, A* = 
B* + C* + koBC where kz is an integer constant. Then, for 
n=k+1, 


A’t) = (BE + C+ keBC) B+ C+ ki BC) 
= BEAT + CRY) 4 (BCE + BEC + k,BYTIC 
+ kyBC*+! + kyB?C + koBC? + k,k.B?C?). 


We may write 


BC* + BFC + ky, B¥t!C + k,BC*T! + k,B°C 
+ k.BC? + ky, k,B?C? ma k3Bc. 


J ARTT & BPH 4 CPL 4 keBC 


Hence, BC divides A*t} — Bt! — Ct! go that the theorem 
is true for all natural numbers a. 


A= B+ C+ mBC where m is an integer constant. 

12-26 Prove that if ad = be, then P = ax? + bx? +cx+d,a #0 
is divisible by x? + h? where h? = 7 = 
Paa(x?42x?4+2x44), d= 
po ofa(et 2) 4803) 
pa ofa(et +8) +2049} 

P= a(x? +£)(x+2), and P = a(x? + 2)(x+2) so 
that x? + A? divides P exactly. 


Number Theory: Divide and Conquer 171 


COMMENT: We have proved, in addition, that, if ad = bc, then 
_ * is a root of ax? + bx? + cx + d = 0, a ¥ 0. Hence, also, 


d. 
x 1s a root. 


ILLUSTRATION: P = 2x° + 4x? + 3x + 6 is divisible by x? + ; , 
and the real root of P = 0 is —2. 


12-27 Let R be the sum of the reciprocals of all positive factors, used 
once, of N, including 1 and N, where N = 2°—1(2? — 1) with 
2? — | a prime number. Find the value of R. 


The factors are 1, 2, 27,..., 2?~1, 2? — 1, 2(2? — 1),..., 
27-100? — 1): 
1 1 1 1 1 
es Ge a a a a 
1 1 1 
xG4+5t+etooctm 


2? — 1 1 2? —1 2? —1 1 
Se eat ee oe 


where we use the formula for the sum of the terms of a geometric 
series. (See Appendix VII.) 


12-28 Note that 180 = 37-20 = 3?-2?-+5 can be written as the sum of 
two squares of integers, namely, 36 + 144 = 6? + 122, but that 
54 = 37-6 = 37-2-3 cannot be so expressed. If a, b are 
integers, find the nature of the factor b such that a® - b is the sum 
of two squares of integers. 


Let a2b = N? + M?. 

CasEI: N and M even integers so that N = 2K and M = 2L. 
Then a*b = 4(K? + L”) = 4r where r = 0,1, 2,.... 

CASE 1: N even and M odd so that N = 2K and M = 2L +1. 
Then ab = 4(K? +1? 4+L1)+1=4r+1. 


CASEI: N and M both odd so that N = 2K + 1 and M= 
2L+ 1. 
Then a7b = 4(K?4+ K+ 17+ 1)+2 = 4r4+2. 
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Therefore, when ab is divided by 4, the remainders are 0 or 1 
or 2. 

In terms of its prime factors we may write a uniquely as 
a = 2°! - 3° - 5°... (where the exponents e), éo, é3, . . . represent 
the number of times 2, 3, 5, . . . appear as factors in a, respectively). 
Therefore, a? = 27¢1 - 322-573... so that, when a? is divided 
by 4, the only possible remainders are 0 or 1 (since the even 
powers of odd numbers leave a remainder of 1 when divided by 
4, and the even powers of even numbers leave a remainder of 0 
when divided by 4). 

Since a7b does not leave a remainder of 3 when divided by 4 
(shown above), then & does not leave a remainder of 3 when 
divided by 4; that is, b ~ 4n + 3, where m = 0, 1, 2,..., in 
order for ab to represent the sum of two squares of integers. 


12-29 Show that b — 1 divides b>~? + b®~3 + --- + b + 1, and thus 
show that b? — 2b + 1 divides b>—! — 1. 


PROOF 1: Let N = b°-? + 6°-3 4 --- + 6+ 1, and interpret 
N as a number in base 6 with 6 — 1 digits, each a 1. Thus, N is 
divisible by 6 — 1 since a number in base b is divisible by 6 — 1 
if the sum of its digits is divisible by b — 1. (See Problem 12-3.) 
Since B°—' — 1 = (6 — 16-2 4+ BP 34-4 b+ D= 
(b — 1) N, and Nis divisible by b — 1, then 6°—! — 1 is divisible 
by (b — 1)? = b? — 26+ 1. 
PROOF 11: Let 
S= br? 4p 34.---+b5+4+1 
=(8?-)+1+1(@%-—D+1+-:- 
+[@-)+1]+1 
= 6? -1)+6%-DN+--°+6-D+ 
I1+1+-:--4+1 
| 
b-1 
= (0 ?-H+ 6 %-)+---+6-DYD+4+6-DN 
Since each term on the right is divisible by b — 1, Sis divisible 
by b — 1. The proof concludes following the reasoning given in 
the second paragraph of Proof I. 
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13. Maxima and Minima: 
Ups and Downs 


13-1 The perimeter of a sector of a circle is 12 (units). Find the radius 


13-2 


13-3 


so that the area of the sector is a maximum. 


Let K represent the area of the sector. Then K = lis where r is 


2 
the radius and s is the arc-length. Since r+r-+s = 12, 
s=12-—2r, so = 5r(12 — 2r)=6r—r*. Therefore, 


K=9- 9-6r+4+7r’) = 9 — (3 — r)? (completing thesquare 
and factoring). K is maximum when r = 3 (units), since K equals 
9 when (3 — r)? = 0, or less when (3 — r)? ¥ 0. 


The seating capacity of an auditorium is 600. For a certain per- 
formance, with the auditorium not filled to capacity, the receipts 
were $330.00. Admission prices were 75¢ for adults and 25¢ for 
children. If a represents the number of adults at the performance, 
find the minimum value of a satisfying the given conditions. 


Let c represent the number of children. Then a + c < 600, 
1 1 
and 42 + 4¢ < 150. (—D 


We know that sa + ie = 330. 689) 


Subtracting I from II, we find that 5a > 180 and a > 360. 


Therefore, the minimum value for a is 361. 


When the admission price to a ball game is 50 cents, 10,000 persons 
attend. For every increase of 5 cents in the admission price, 100 
fewer (than the 10,000) attend. Find the admission price that 
yields the largest income. 


Represent the admission price yielding the largest income by 
50 + 5n. Then the income, in dollars, becomes 


50 + Sn 


T= \t0 


) (10,000 — 200n). 
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= 5000 + 400n — 10n? = 10[900 — (20 — n)*] so that 
I (maximum) occurs when n = 20. The required admission 
price is 50 + 5-20 = 150 (cents), or $1.50. 


Challenge 3 Find the admission price yielding the largest income if, in 


13-4 


13-5 


addition to the conditions stated in the original problem, 
there is an additional expense of one dollar for every 100 
persons in attendance. 


1 = (2) (10,000 — 200n) — (10,000 — 200n). The 


answer is = 50 + 150 = 200 (cents), or $2.00. 


A rectangle is inscribed in an isosceles triangle with base 2b (inches) 
and height h (inches), with one side of the rectangle lying in the 
base of the triangle. Let T (square inches) be the area of the triangle, 
and Rm the area of the largest rectangle so inscribed. Find the 
ratio Rm:T. 


Designate the base of the rectangle as 2x and the altitude as y. 


on similar triangles we have the proportion + vars = ~ so that 
x=7  (h — y). Since R = 2xy, we have 


R = 2y-F (hy) = Fy — y. ® 


Adding to 7 right side of equation I zero in the form 
_ 2% A? 25 h? bh 
F(Z) +Z> we eet Rm iG (gt v) +5 


Therefore, R = coh 2 2 (y - *". 


Nis 
. 


Ry», the maximum value of R, is a obtained when y = 
Since T = 5 (26)(h) = bh, the ratio Rm:T = 1:2. 


It can be proved that the function f(y) = ay — y° where b > 1, 
1 
a > 0, and y > 0, takes its largest value wheny = (7), Use 


this theorem to find the maximum value of the function F = 
sin x Sin 2x. 


F = sin x sin 2x = sin x(2sinxcosx). For sin? x we sub- 
stitute 1 — cos? x and obtain F = 2(cos x — cos? x). By letting 
y = cos x, we convert F into F = 2(y — y’). 
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To maximize the function y — y?, we note, by comparing it 
to f(y), that a = 1 and b = 3. Menke, y — y® will take its 


largest value when y = G \si = ae Therefore, F(max) = 
2(A- Ca) ) oa 


13-6 In the woods 12 miles north of a point B on an east-west road, a 
house is located at point A. A power line is to be built to A from a 
Station at E on the road, 5 miles east of B. The line is to be built 
either directly from E to A or along the road to a point P (between 
E and B), and then through the woods from P to A, whichever is 
cheaper. If it costs twice as much per mile building through the 
woods as it does building along the highway, find the location of 
point P with respect to point B for the cheapest construction. 


Represent the cost function by C, and the distance from B to P 
by x. Then C = 5 — x + 2\/144 + x?. With the aid of a table 
of square roots, graph the given function for 0 < x < 5. Mini- 
mum C occurs when x = 5, so that P is at E, that is, 5 miles 
east of B. 


13-7 From a rectangular cardboard 12 by 14, an isosceles trapezoid and 
a square, of side length s, are removed so that their combined area 
is a maximum. Find the value of s. 


Let A represent the combined area. (See Fig. $13-7.) Then, since 
A= 5 hb, + be) +s, where h is the altitude of the trapezoid 
and b, and dg are its bases, and s is the side of the square, 
= 4 (12 — (14 +s) +s? = $5? — 5 + 84, 
In order to determine the maximum value of A pete readily, 
we rewrite itas A = 3S? — 2s + 1) + 84-5 = (s —)?+ 
83; . Obviously, A is a maximum when s is a aa aiite that is, 


ns $13-7 
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when s = 12. For this value of s, the area of the square is 144 
and the area of the trapezoid is zero. 


COMMENT: Note that the minimum value of the area is 835° 


occurring when s = 1, but that the combined area is 84 when 
s= 0. 


13-8 Two equilateral triangles are to be constructed from a line segment 


13-9 


of length L. Determine their perimeters P, and Pz so that (a) the 
combined area is a maximum (b) the combined area is a minimum. 


If we represent the perimeter of one triangle by P;, the perimeter 
of the second triangle is represented by L — P,. Therefore, the 


2 as 2 
combined area A = i) V3+ 7 (-5*) /3 (using the 
a re /3 for the area of an ie triangle). Hence, 
A= Yip, + L? — 2LP, + P,”) = ¥ 20P i? — LP;) +L”). 


adding to the right side zero in the oa of 2: = — =, 
obtain 


A = V[o(p, — 4)? 4.2? - £] = B[a(p, — $74. SI. 


: L\2 
Since the least value for (?; — >) iszero,a value obtained when 


we 


2 
: Seo L fe4 
Py = 54 A is minimum when P, = 3 so that the minimum 
L L L 
confined area occurs when P, = > and P, = L — 5 S3 
7 L 
that is, Py = Pg = 3° 


Since P, > 0 we find, by inspection, that A is maximum when 
P, = 0so that P, = L, or Pe = 0 so that P; = L; that is, the 
maximum combined area occurs when all of Z is used for just 
one triangle. 
COMMENT: Note that the maximum A equals twice minimum A. 


Find the least value of x* + y* subject to the restriction x? + 


y? = c?. 


Let F = x* + y* = (x? + y?)? — 2x?y?. (1) 
Since 2x?y? > 0, F is obviously least when 2x”y? is greatest, and 


2x*y? is greatest when xy? is greatest. 


: ; c? 
Since x? + y? = c?, xy? is greatest when x? = y? = 5° 
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(If the sum of two numbers is a constant, their product is greatest 
when each is half the constant.) Therefore, x?y?(max) = 


eee 2 ee dee ee 
i ee 3» and so 2x?y ‘y“(max) = 2 473 
4 4 
Therefore, from (1), F(min) = (c?)? — S = = . 
Challenge Find the least value of x? + y* subject to the restriction 
x+ty=c. 
3 
Follow the pattern of the original solution. The answer is <. 


4 


13-10 Find the value of x such that S = (x — ki)? + (x — ke)? + 
- + (x — k,)? is a minimum where each kj, i = 1, 2,..., n, is 
a constant. 


METHOD I: Using the symbol >> for summation we write 


S= } @«—k)? = DY (? — 2xk: + k,”). 
1=1 =1 
When written out, the terms of S are (x? — 2xk, + k,*) + 
(x? — 2xke + ky”) + (x? — Ixkg + kg?) +--+ + 
(x? — 2xky + ky”). 
Therefore, S = (x? + x? + x7 4+ -+-) — 2x(ki tho t-+°+ 
kn) + (ka? + ko? + +++ + kn”). 

Since, in the complete expansion of S, the term x? appears n 
times, S = nx? — 2x>°k; + ¥k;?. To the right side we add zero 
izhy 2 — Bio so that 

Lk (ako? 2 (Lk)? 


Hence, S = bays + mr — cx, 


in the form of (1) = 3— 


V2 
The minimum value of S occurs when (x _ =) equals 


Es ‘ 


zero (see Problem 13-8); that is, when x = , which, interpreted, 


means that x is the arithmetic mean of the Es 

METHOD i1: Compare the expression S = nx? — 2xy0ki + k.? 
with that of y = ax? + bx +c, the equation of a parabola. 
As minimum y occurs when x = — - , sO minimum S occurs 
when x = —- ——" = =: 
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METHOD It: If you are familiar with the calculus, solve the 
problem with the use of the first derivative. 
ILLUSTRATION: S = (x — 2)? + (x + 3)?; 


_ Dk 240-3) 1 
~ 2 2 =i 
S(min) = 2 4 2 = 125 
a A RY gy EP gs 1 | pl 
S(min) = Xk; a= 13- GPa 3-5 = 15 


13-11 If |x| < c and |x — x,| < 1, find the greatest possible value of 


x1? — x?|. 

[x.? — x?| = |xy + x| |x, — 2]. 

Since |x, — x| < 1, 

[x12 — x?| < [xy + x| = [2x + x, — xl. 


Therefore, |x;? — x?| < [2x| + |x, — x| < 2c +1. 

A geometric interpretation is helpful (Fig. $13-11). Since 
jxy —x[| <1, xy <x+1. Therefore, x, + x<2x+1< 
2c + 1. The maximum value of |x,? — x?| = |x, + x] |x, — x| 
is represented by the area of rectangle ABCD with base DC = 
2c + | and altitude CB = 1. 


YE gcc A B 


2 |xex]- 2c+1 


$13-11 


13-12 Show that the maximum value of F = wep » where a, b are 


Se . | 
positive numbers, is 16: 


a+b 
2 


> ab and, hence 


> Vab. (See Appendix IV.) Therefore, 


ab 1 
aCe Se) eee 


when a = b, 
(a + 5)? 
4 
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3 ab 11 1 
Since F = 7p F< 4G = is 


Therefore, F(max) = aa , 


13-13 Find the area of the largest trapezoid that can be inscribed in a 
semicircle of radius tr. 


METHOD I: The upper base and the (equal) legs of the trapezoid 
may be considered three sides of a hexagon inscribed in the circle. 
Since, of all inscribed hexagons, the regular hexagon has maximum 
area, the trapezoid of maximum area is the one where the upper 
base (and each leg) equals a side of the regular hexagon, that is, 
where 2x = r. The lower base, of course, is the diameter. This 


value of x gives an area of ov r?, a maximum (i.e., the area of 
three equilateral triangles of side length r). 
i 
METHOD I: K = 5 (2r + 2x)(r? — x*p. Take r = 1; then K = 
1 
(i + x)(i — x*)*. Using a table of square roots, if necessary, 
plot the graph of K for 0 < x < 1 (Fig. S13-13). It is found that 
maximum K occurs when x = : and so K(max) = ov 


2’ 4 
Generally, K(max) = 2G r? where r is the radius of the circle. 


METHOD Ii: Use the calculus, as shown in the solution of Problem 
13-10, Method III. 
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Quadratic Equations: 
Fair and Square 


14-1 Find the real values of x such that 3?°—7+3 = 4P?—*—6, 


14-2 


14-3 


14-4 


With the exponents in factored form we get: 3x1) &-3) = 


4&+2) &—-3) If x =3, both sides are equal to 1, and we have a 
root. If x #3, we can take the (x—3)rd root of both sides to get: 
3(2x—-1) — 4xt2), 


log4 
Therefore (2x—1)log3 =(x+2)log4. Thus, x = re ies 


2 log4 
log3 
Let D = h? + 3k? — 2hk where h, k, are real nwnbers. For 
what values of h and k is D > 0? 


D = h? + 3k? — 2hk = h? — 2hk +k? + 2k? = (h-— Kk)? + 
2k?. Since (h — k)? > 0 and 2k? > 0, D > 0 for all real values 
of h, k excepth = k = 0. 


If the roots of x? + bx + ¢ = 0 are the squares of the roots of 
x? 4 x+ 1 = 0, find the values of b and c. 


Since the roots of x? + x + 1 = 0 are squares of each other 
(show this!), 6 = l and c = 1. 


If the roots of ax? + bx +c = 0, a + 0, are in the ratio m:n, 

find an expression relating m and n to a, b, and c. 

Let == a then 7; = km, rg = kn, where r; and ro are 
: : Z b 

the roots of the given equation. Since 7; + 72 = — ; and 


rire = Bs then (- 2)" = k?(m +n)? and : = k*mn. There- 


b\2 

( 2) _ km +n)? 
¢  ———k@mn 
a 


fore, , and so mnb? = (m + n)?ac. 


A second form of the relation sought is =. =—-+2+ 


(E+ 8)" " 


m 
n 


14-5 


14-6 
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NOTE: For equal roots, the discriminant b? — 4ac = 0 or 6? = 
4ac. With m =n = I, the first form becomes 1-1-5? = 
(1 + 1)°ac; that is, 6? = 4ac. 

ILLUSTRATION: For m = 3,n = 2,6 = 5,6°5? = 5%ac, so that 
a=6,c=1, or a=1, c=6, or a@=3, c=2 or a= 2, 
c = 3. For example, the roots of 2x? + 5x + 3 = 0 are -3 
and —1 with a ratio 3:2. 


Find all values of x satisfying the pair of equations x? — px + 
20 = 0, x? — 20x + p = 0. 


CASEI: When p = 20, the equations are identical and satisfied 
by two values of x, 10 + 4/5 and 10 — 4/5. 


CASE 1: When p = 20, then x? — px + 20 = x? — 20x + p, 
(20 — p)x = p — 20. Since p ~ 20, we obtain by division 
x=-l. 

To satisfy the given equations with the value x = —1, the 
value of p must be — 21. 

Generally, the pair of equations x? — px — p — 1 = 0 and 
x? + (p+ Ix + p = 0 is satisfied by x = —1. 


A student, required to solve the equation x* + bx +c = 0, in- 
advertently solves the equation x? + cx + b = 0;b,c integers. 
One of the roots obtained is the same as a root of the original 
equation, but the second root is m less than the second root of the 
original equation. Find b and c in terms of m. 


Let the roots of the original equation be 7, s. Thenr + s = —6 
andr+s—m=-—ce. 
r+s=m-—c; —b=m-—c; c-—b=m 49) 


rs = c and rs —rm = 5b; 
rs=b+rm; c=b+rm; c—b=rm ay) 


From (I) and (ID, m = rmandr = 1. 


rs=s=candr+s=1+s= —b, or s=—-b-—l=cog, 
soc+tb= —1. 
Since c 6 =m(),c=">",b=—% 4. 
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14-7 If r, and rz are the roots of x* + bx +c = 0, andSe = 1,7 + 19”, 


14-8 


14-9 


S; = 11 + re, and So=1,° + 12°, prove that S, + bS, + cSo = 0. 

METHOD I: Since Sp = r1? + ro? = (7, + re)? — 2rire, then 

S2 = (—b)? — 2c = b? — 2c, since ry + re = —bandryre =. 
J. Sp + 6S; + cSo = 6? — 2c + b(-—b) +¢°2 =0 


METHOD II: Sq + 5S; + cSo 

ry? + 7g? + b(ry + re) + c(ri® + 72°) 
=r? + br tet+re?+ bret+e 

Since r; is a root of the given equation, r;? + br; + ¢ = 0. 

Similarly, r2? + bre + ¢ = 0. 

Consequently, Sp + 5S; + cSp = 0. 


A man sells a refrigerator for $171, gaining on the sale as many 
percent (based on the cost) as the refrigerator cost, C, in dollars. 
Find C. 


Since Selling Price = Cost plus Profit, 171 = C + (=<) c, 


C? + 100C = 17,100. By completing the square, we get C? + 
100C + 2500 = 17,100 + 2500, (C + 50)? = 1407, C + 50 = 
140, C = 90. C? + 100C — 17,100 = 0 implies (C — 90) x 
(C + 190) = 0, and, hence, C = 90. 


Express q and s each in terms of p and x so that the equation 
x* + px? + qx? + 1x +s = 0 has two double roots u and v 
where u may or may not equal v. (Each of the factors x — u and 
X — V appears twice in the factorization of x* + px? + qx? + 
Tx + 8.) 
Since each of the factors x — u and x — v appears twice, we may 
write x* + px? + gx? + rx +5 = (x — u(x — v(x — u) X 
(x — v) = (x? — x(u + v) + w)?. Letu + v = —5 and let 
uv = c; then x? — x(u+v) + w= x?+bx+e. 
Therefore, x* + px? + gx? +rx+5= (7? +4x4 cP = 
x* + 2bx? + (b? + 2c)x? + 2bex + c?. 69) 
Since (I) is an identity in x, we may equate the coefficients of 
like powers of x on both sides of the identity, and, therefore, 


p = 2b, r = 2be so that © =. 
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Since s = c? (from I), s = = and since g = b? + 2c (from J), 
=f4 2, 


4 P 


14-10 Let fm) = n(n + 1) where n is a natural number. Find values of n 
such that f(n + 4) = 4f(n) + 4. 


Since f(a + 4) = 4f() + 4,@4+ 4+ 5) = 4n@ 4+ 144. 
Therefore, 3n? — 5n — 16 = 0. This equation has no solution 
in integers. Therefore, no value of n satisfies the required 
condition. 


14-11 If one root of Ax? + Bx? + Cx + D=0, A =~ 0, is the arith- 
metic mean of the other two roots, express the simplest relation 
between A, B, C, and D. 


Let ri, r2, r3 be the roots of the given equation with r2 the arith- 
metic mean of r,; and rg. Therefore, 272 = r; + 73. Since 
ntretrs = — ., a generalization for the sum of the roots, 
3r_g = — | So that rp eceams Fa 
Since 72 is a root of the given equation, Ar.* + Bro? + Cre + 
B\3 BY\2 B 
D = 0. Therefore, A (- =) + B(- 7) + c(- xa) + 
D = 0. Simplifying, we obtain 2B? — 9ABC + 27A?D = 0. 
Challenge Find the simplest relation between the coefficients if one 
root is the positive geometric mean of the other two. 


Let the root r2 be the positive geometric mean of the other 
two roots 7; and rg, that is, let re = ~/rir3. Therefore, 


ro? = ryrg and re® = ryrors. 
D er 
Since ryrerg = — 4a generalization for the product 
D 3 D ee 
of the roots, 723 = — | 80 that rg = 4/— =. Substituting 


this value for re back into the original equation, we have 


4B) + 2(GEB) + QD) 40-0 


After simplification, this last equation yields B*D — 
AC? = 0. 
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14-12 If the coefficients a, b, c of the equation ax? + bx + c = 0 are 


14-13 


odd integers, find a relation between a, b, c for which the roots are 
rational. 


We prove that if a, b, c are odd integers, there are no rational 
roots. 


METHOD I: For rational roots, the discriminant must be the 
square of an integer. Let b? — 4ac = 1, and b? — t? = 4ac = 
(6 — t)(6 + t) where both b and t are odd. (Why is ¢ odd?) 
Let 6 = 26; + land let ¢ = 27, + 1. 

Therefore, (2b; + 1 — 2t; — 1)(26; + 14 2t, + I) = 4ac, 
2(b, = t;)(2)(b1 + th + 1) = 4ac, 
and (6; — ¢))(6; + t; + 1) = ac. 

The product ac is odd. If 5; and t, are each even, then b; — ty is 

even. If 6; and ft; are each odd, then 5, — ¢, is even. If one of 

51, t,; is odd and the other is even, then 5, + 2, + 1 is even. 

Hence, for all possibilities, (6; — %,)(6; + t; + 1) is even; we 

have a contradiction. 


METHOD It: Let 6 = 25; + 1, @ = 2a; + 1,c¢ = 2¢; + 1. 

Then D = b? — 4ac = (2b, + 1)? — 4Qa; + DQc1 + D = 

g [Ort Y — rarer — ay — cx — 1] +5. Since MEF is 

integral, then D = 8k + 5. If D = N*, with N odd, then, 

N? = 8k + 5. However, the square of an odd number leaves a 

remainder of 1 when divided by 8; that is, (4k + 1)? = 1(mod 8). 
Therefore, rational roots are impossible. 


If f(x) = aox® + ax + ag = 0, ag ~ 0, and ao, ag, and 
S = aj) + a; + ag are odd numbers, prove that f(x) = 0 has no 
rational root. 


It is not much more difficult to prove the more general theorem 
for an equation of degree n, of which this is the special case 
with nm = 2. If f(x) = aox” + ayx"7! +--+ +a, = 0,a9 ¥ 0, 
and ao, dn, and s = @g + a; + ado +°+:* + @, are odd numbers, 
prove that f(x) = 0 has no rational root. 


PROOF: (1) Assume that f(x) = 0 does have a rational root 


expressed in lowest terms. Then, since a, is odd, p must be odd, 
and, since ao is odd, g must be odd. 


15-1 
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(2) We have aot ay to + ane + an = 0. Clear- 


ing the equation of fractions, we get agp" + a,;p"~'g +--+ + 
a,_:pq"—' + ang” = 0. 

(3) Also, @9 + a; +°°+ + @n_1 + @, = Odd number (hy- 
pothesis). 

(4)... S = ao(1 + p*) + ai(1 + p?~1q) + ao(d + p*~7q) + 
+++ + an_a(1 + pg"—") + an(1 +g") should be equal to an 
odd number. 

(5) But 1 + p” is even, 1 + p"—'g is even,..., 1 + g* is even, 
so that S is even. 

(6) This contradiction shows that our assumption of a rational 
root was false. 


The only possibility left is that f(x) = 0 has no rational root. 


15 Systems of Equations: 
Strictly Simultaneous 


Estimate the values of the four variables in the given linear system. 
Then substitute repeatedly until a definitive solution is reached. 


x1 = 4 + x2 + x2 + 0) 
Xp = GO +04 x4 + x1) 
xs = Gi tx +140 
Xe = 5 Ko +041 + x3) 


We begin by attempting a “reasonable guess” at the values of x1, 
X2, X3, and x4, assuming that such values exist. 


| et 


To keep things simple let us guess x; = xg = x3 = x4 = 


Substituting into the given equations, we find 


x1 = 4(0+5+5409) =: 
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Similarly, x2 


Horo4isdat 
i(b4}4 140) = fon 
mel(@toriti ad 


x3 


We now repeat the process seeking to “refine” the second set 
of values found for the unknowns. It happens that no further 
refinement occurs, as we illustrate with x: 


1 1 3 1 
x1=q (0 + 3 + 3 + 0) => the value we already have. 
1 3 
The values xj = xg = 3 and x3 = x4 = g are, then, the exact 


values since they satisfy the given equations. 


We happened to start with a fortunate guess. What if our 
1 


original guess was x) = Xo = x3 = %4 = 3 ? We do obtain the 
values x; = X_ = go%3 = %4 = =, but not until six “feedbacks.” 
The first yields x, = xg = ie X3 =X = .3 the second, 
x, = *2 = ax: =X%= ig 5 the thir, x,= er 2, x3 = 
X%4 = 353 ee x, = S ea *38 = Xa = | the si 
¥1 = X2 = jog» Xs = X4 = Gog; the sixth, x; = X2 = §, 
ee 


COMMENT: The chief value in this method lies in finding values of 
the unknowns that are approximate, involving, perhaps, several 
decimal places. 


For the system x + y + 2z = a, (dD 
—2x—z=b (ID 
x+3y+5z=c dip 


Jind a relation between a, b, and c so that a solution exists other 
thanx = 0,y = 0,z = 0. 


Note that, ifa = 6 = c = QO, the system is satisfied for x = y = 
z = 0, but this solution, referred to as the trivial solution, is here 
ruled out. We seek other solutions if they exist. 

We find that the value of the system determinant 


1 1 2 
D= |-2 0 —I) =90. 
1 3 5 
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For the system to be determined, that is, for solutions to exist 
(Cramer’s Rule, Appendix VII), D, = D, = D, = 0 where 


a 1 2 1 a 2 
D, = |b 0 -lL, Dy, = |-2 6b -li, 
c 3 5 1 c 5 
1 1 a 
D,= |-2 0 b 
1 3 c 


Expanding D,, we have D, = —c + 6b — 56 + 3a. There- 

fore, 3a + 6 — c = 0, and this is the relation between a, 6, and 
c that assures non-trivial solutions. The same result is obtained 
when D, is expanded and when D, is expanded. 
COMMENT: To find the solutions, of which there are infinitely 
many, providing 3a + 6b — c = 0, you may choose the value of 
x arbitrarily. Eliminate z from equations I and II and obtain 
y = 3x — 5a + 2c, after replacing 6 by its equivalent c — 3a. 
The value of z can then be found from equation I or equation III 
to bez = —2x+ 3a — cc. 

To illustrate, let x = 1, then y = 3 — Sa4+ 2c and z= 
—2 + 3a — c. This set of values satisfies the given system, as you 
can verify for yourself, keeping in mind that b = c — 3a. 


Find the smallest value of p? for which the pair of equations, 
(4 — p?)x + 2y = 0, 
2x + (7 — py = 0 


has a solution other thanx = y = 0, and find the ratio x:y for this 
value of p*. 


Multiply (4 — p*)x + 2y = 0 by 7 — p? to obtain 


(4 — p*\(7 — p?)x + 29(7 — p?) = 0, (I) 
and multiply 2x + (7 — p*)y = 0 by 2 to obtain 
4x + 2y(7 — p”) = 0. (II) 


By subtracting (II) from (1) we obtain 
[(4 — p®?(7 — p?) — 4x = 0. 


Since x ~ 0, (4 — p*)\(7 — p?) — 4 = 0; that is, p* — Ip? + 
24 = 0. 
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Since p* — Ilp? + 24 = (p? — 3)(p? — 8), p? —3 =0 
and, therefore, p? = 3. The value p? = 8 is rejected since 8 > 3. 

Substituting p? = 3 into the second of the original equations, 
we have 2x + 4y = 0, so that x:y = —2:;1. 


COMMENT: For the value p? = 8, the ratio x:y = 1:2. 


15-4 If P,) = 2x* + 3x* — 4x? + 5x 4 3, 
P. = x? + 2x? — 3x 4+ 1, 
Ps = x‘ + 2x3 — x?4x +42, 
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and aP; + bP2 + cP; = 0, find the value of a + b+ c where 
abc = 0. 


aP, + bP, + cP; = (2a + c)x* + (a + b+ 2c)x? + 
(—4a + 2b — c)x? + (Sa — 36+ 0<)x + Gat+ 64+ 2c) = 0 
Therefore, (1} 2a + ¢ = 0 (2) 3a + 5+ 2c = 0 (3) —4e4+ 
2b —c = 0(4) Sa — 38+ c¢ = 0(5)324+564+ 2c =0. 

By addition of the five equations, we obtain (6) 9a + 6 + 
5e = 0. 
From equation (1), c = —2a or —8a— 4c = 0. Adding 
—8a — 4c = 0 to equation (6), we obtaina + 6+ c = 0. 
COMMENT |: Taking a = 1, 6 = 1, ¢ = —2, verify the statement 
P, + P, — 2P; = 0. 
COMMENT 2: Since aP; + bP, + cP3 = 0 and, at least, one of 
a, b, and c is not equal to zero, and P;, Pz, P3 are said to be 
linearly dependent. 


iff; = 3x —y+2z+4+w, 
ae Ara lbe 
= 5x — 9y + 8z — w, find numerical values of a, b, c so 
a af, + bf. + cf; = 0. 


For af; + bf + cfs = 0, 3ax + 2bx+5ex = 0, —ayt+ 
3by — Icy = 0, 2az — bz + Bez = 0, and aw + 2bw — cw = 
0. (See Problem 15-4.) 
3a + 26+ 5c = 0, x # 0 
—-a+3b-—9c =0,y #0 
2a—b+8c=0,z2# 0 
a+2b—c=0,w+0 


“.@= —3c,6 = 2c 
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We can take a = 3,6 = —2, ande = —1. 
But we may also use any values for a, 6, c that are proportional to 
3, —2, -1. 


COMMENT: /}, fo, fg are linearly dependent. 


15-6 Find the common solutions of the set of equations 


x — 2xy + 2y = —1 @ 
x—xy+ty=0. ap 
x = | (equation II — equationI).°. xy — y = landy = 4 . 
Consequently, there are no finite solutions. 
The geometric picture makes this clear (Fig. $15-6). Neither curve 
I ( — 2xy + 2y = —1), nor curve II, ( — xy + y = 0), 
crosses the line x = 1, indicating that the value x = 1 fails to 
satisfy either equation. However, as we approach arbitrarily close 
to x = 1, both on the right and on the left, the curves approach 
arbitrarily close to the line x = 1. Such a line is known as an 
asymptote. 


eo ea eee 
EexeAE | PRRs 
ERPERR See Ee 
ies {|S 
== NOR 
Sakaki 
REE) ReSeee 
A ha 
a 
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15-7 Solve the system 3x + 4y + 5z =a, 
4x + S5y + 6z = b, 
5x + 6y + 7z = ¢, 


a, b, c arbitrary real numbers, subject to the restriction x > 0, 
y>20,z> 0. 


For a = 6 = c = QO, there is no solution because of the restric- 
tions x > 0, y > 0,z> 0. 
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3 4 5 
Since the system determinant D = |4 5 6) = 0, 
5 6 #7 


there can be solutions only if D, = 0, D, = 0,and D, = 0 where 


a 45 3 a 5 3 4 a 
D,= |b 5 6, D,y={4 b 6], and D,=1|4 5 Bb: 
c 67 5 ¢ 7 5 6c 


(Cramer’s Rule; Appendix VII) 


Setting D, = 0, then, we find 26 = a+ c (setting D, = 0 
or D, = 0 yields the same result). But 2b = a + c implies that 
a, 6, c are in arithmetic sequence. 

With a, 6, c in arithmetic sequence, we have the one inde- 
pendent equation 4x + Sy + 6z = 6. However, to insure that 


z>0, b> 4x+5y. We then obtain z = 2(b — 4x — 5y) 


where 6 — 4x — Sy > 0. An infinite number of solutions is then 
obtained by assigning appropriate values to x and to y and 
solving for z. 

ILLUSTRATION: Here are three solution sets just for the one choice 
of b= 15. (I) x = 1, y= 1, z= 1 (with d= 3) Q x = 1, 


y= 2, 2= 3 (with d= 32) @) x=2 y= 1, z= 4 (with 


d= 35) where d represents the common difference of the arith- 


metic sequence. 


For a class of N students, 15 < N < 30, the following data were 
obtained from a test on which 65 or above is passing: the range of 
marks was from 30 to 90; the average for all was 66, the average 
for those passing was 71, and the average for those failing was 56. 
Based on a minor flaw in the wording of a problem, an upward 
adjustment of 5 points was made for all. Now the average mark of 
those passing became 79, and of those failing, 47. Find the number 
No of students who passed originally, and the number N; of those 
passing after adjustment, and N. 


66N = 71No + 56(N — No), and 71N = 79N; + 47(N — Ny). 


“No = 3N, Ny = 4N, and Ny = 2 No. 


16-1 


16-2 


Algebra and Geometry: Often the Twain Shall Meet 191 


No = 5 Ny so that No is a multiple of 8 and N; is a multiple 
of 9, since No and Ny are integers. 


However, since Ng = = Nand 15 < N < 30,10 < No < 20, 
and, since N; = 2 No, 11} < Ny < 225- 
Since No is a multiple of 8, and 10 < No < 20, No = 16. 
Since N; is a multiple of 9, and 11; < Ny < 225, Ny = 18. 
Since No = {Nand No = 16, N = 24. 


16 Algebra and Geometry: 
Often the Twain Shall Meet 


Curve I is the set of points (x,y) such that x =ut+1, y = 
—2u + 3, u areal number. Curve IT is the set of points (x, y) such 
that x = —2v +2, y= 4v +1, v a@ real number. Find the 
number of common points. 


Since x = u + 1, u = x — 1, and, since y = —2y + 3, then 

==. Thus x — 1 =i, or 2x + y = 5. Therefore, 

curve I is a straight line. Since x = —2v+ 2, v = a 
2-—x yr-l 


‘ —1 
and, since y = 4v + 1, thenv = *——. Thus 7 = or 


2x + y = 5. Therefore, curve II is a straight line coinciding 
with curve I. The number of common points is infinite. 


’ 


Let the altitudes of equilateral triangle ABC be AA, BB,, and 
CC,, with intersection point H. Let p represent a counterclockwise 
rotation of the triangle in its plane through 120° about point H. 
Let q represent a similar rotation through 240°. Let r represent a 
rotation of the triangle through 180° about line AA. And let s, t 
represent similar rotations about lines BB,, CC, respectively. 
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If we define p * r to mean “first perform rotation p and then 
perform rotation r,” find a simpler expression for (q * r) * q; that 
is, rotation q followed by rotation r, and this resulting rotation 
followed by rotation q. 


The rotation q followed by the rotation r is the equivalent of 
the single rotation s; that is, g * r = s (Fig. $16-2). The rotation s 
followed by the rotation q is the equivalent of the single rotation 1; 
that is, s * gq = ¢. Therefore, (q@ *r)*q = 


AAL 


C A otationp 8 C rotationg A 


[ae ae Lae 


rotationr 8 8&8 rotations A A rotationt C 


Figure $16-3 represents a transformation of the segment AB onto 
segment A’B’, and of BC onto B’C’. The points of AB go into 
points of AB’ by parallel projections (parallel to AA’). The points 
of BC go into points of B/C’ by projections through the fixed 
point P. 

The distances from the left vertical line AM are zero for 
point A, 3 for point B, 4 for point C, 5 for point B’, and 2 for point 
A‘(C’). Designate the distances of the points on AC from AM 
as x, and the distances of their projections on A’B'(C’B’) from 
AM as f. Find the values of t and s of the transformation functions 
f=mx-+s(a)for0<x<3b)for3<x<4. 


LAN 


BRE 


$16-3 


16-4 


16-5 
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The transformation function is f = rx + s where / is the dis- 
tance on A’B’ from AM of the image point of a point on AB 
whose distance from AM is x. (a) For the point A, x = 0, and 
for the image point A’, f = 2. Thus, 2 = 0+ sso that s = 2. 
For the point B, x = 3, and for the image point B’, f = 5, so 
5 = 3r+s. Since s = 2,5 = 3r + 2so that r = 1. 

Therefore, the first transformation function is § = x + 2, 
Oo<x<3. 

(b) For the point B, x = 3, and for the image point B’, f = 5, 
so 5 = 3r +s. For the point C, x = 4, and for the image 
point C’, f = 2, so that 2 = 47+ s. Solving the pair of equa- 
tions 5 = 37 + s and 2 = 4r + s, we find r = —3 and s = 14. 
Therefore, the second transformation function is f = —3x + 14, 
3<x<4. 


Given the three equations (1) 7x — 12y = 42 (2) 7x + 20y = 98 
(3) 21x + 12y = m, find the value(s) of m for which the three 
lines form a triangle of zero area. 


The triangle formed will have zero area when the lines represented 
by the equations are concurrent. 

Lines (1) and (2) intersect in (9, 4) . For line (3) to pass 
through this point, the coordinates must satisfy equation (3). 


219) + 12 ) = m, m = 210 


Describe the graph of \/x2 + y2 = y. 

x? + y? = y?, x? = 0, x = 0 (the y-axis). However, the given 
equation implies that y > 0, since ~/x2 + y2 is a non-negative 
number. Hence, the graph is that part of the y-axis such that 
0< y < o, that is, the part on and above the x-axis. 


Transform x® — 3x —5=0 into an equation of the form 
aX? + b = 0 where a and b are integers. 

Let x = X + c; then, by substitution, 

X? 4+ 2cX +c? —3X —3e-—-5=0. 

X* + (26 —3)X +c? —3e-—5=0 


é & ge Be Ae) a i ee, 
“2c —~3 = O,ande =5,¢ 3c —S5= 4 
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Thus X? — = = 0, or 4X? — 29 = 0, is the required equation. 


16-7 It is required to transform 2x,? — 4x,xX2 + 3X,” into an expression 
of the type ayy17 + aoy2”. Using the transformation formulas 
Yi = X1 + CXgq and yo = Xe, determine the values of a, and ap. 


METHOD I: Substitute into the expression a,y,;? + a2ye? the 
formulas y; = x; + cxgand yo = x2 to obtain a,(x; + cx)? + 
@2(x2)”. Expanding this last expression, we obtain 


@yX17 + 2aycxyx2 + aic?x_? 4+ agxp”. (I) 


By the conditions of the problem, (1) is identically equal to 
2x1? => 4x1 X2 + 3x2”. 

Therefore, a; = 2, 2a;c = —4 so that c = —1, and 
a, + a2 = 3 so that ao = I. 


METHOD Hi: From the formula y; = x, + cx2 we have x; = 
Yi — CXg, so that x; = y, — cye since yo = Xe. Substituting 
these values into the expression 2x17 — 4x,x_ + 3x2”, we obtain, 
after simplification, 


2y,? — (4c + 4)yiye + (2c? + 3 + 4c)y2?. ath) 


Set (II) identically equal to a,y,? + aoye”. Therefore, a; = 2, 
4c + 4 = 0 so that ec = —1, and 2c? + 3 + 4c = ap so that 
eae a coe ee 


16-8 N.B. and S.B. are, respectively, the north and south banks of a river 
with a uniform width of one mile. (See Fig. S16-8a.) Town A is 
3 miles north of N.B., town B is 5 miles south of S.B. and 15 miles 
east of A. If crossing at the river banks is only at right angles to 
the banks, find the length of the shortest path from A to B. 
A 


3 
15 NB 


$16-8a 
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Consider the banks merged; then, obviously, the shortest path is 
the segment AB. (See Fig. $16-8b.) AB? = 15? + 87, AB = 17. 
Since at the crossing point C there is a displacement of 1 mile, 
the shortest path is 17 + 1 = 18 miles. 

From the proportionality of the sides of similar triangles, we 


find that the crossing point is 52 miles east of A on N.B. 


Challenge Jf the rate of land travel is uniformly 8 m.p.h., and the rowing 
rate on the nee is 3 m.p.h. (in still water) with a west to 


east current of re m.p. - , find the shortest time it takes to go 
from A to B. 


The time required for land travel is 17 + 8 = 2 hours. 
For the river crossing, the boat az pointed in the direction 
of segment CD whose length is rf miles (Fig. alo: ae 


the time required for the river noe is 13 + 3 = 


1 hour. The total time is, consequently, 25 +1= 3p hours. 


dD c $16-8c 


16-9 Let the vertices of a triangle be (0,0), (x, 0), and (hx, mx), m a 
positive constant andO0 < h < o. Let a curve C be such that the 
y-coordinates of its points are numerically equal to the areas of 
the triangles for the values of h designated. Write the equation of 
the curve C. 
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Let the segment determined by (0, 0) and (x, 0) be the base of the 
triangle; then the altitude to this base is mx. Therefore, y = 


5 x(x) = 5 mx?, If x is restricted to the values 0 < x < 0, 


the curve is the right half of the parabola y = 5 mx?. 


Challenge Let the vertices of a triangle be (0,0), (x, 0), and G : mx) , 


m a positive constant. Let a curve C be such that the y- 
coordinates of its points are numerically equal to the perim- 
eters of the triangles thus formed. Write the equation of 
curve C. 


The equation is y = x(1 + /1 + 4m?2), a straight line. 


16-10 Each member of the family of parabolas y = ax” + 2x + 3 has 
@ maximum or a minimum point dependent upon the value of a. 
Find an equation of the locus of the maxima and minima for all 
possible values of a. 


METHOD I: Consider the general case y = ax” + bx + c. The 
turning point (maximum or minimum) is on the axis of symmetry 


& 
a? and, hence, the 
x-coordinate of the turning point is — >. . To find the y-coordi- 


of the parabola, whose equation is x = — 


nate of the turning point, substitute — > >. for xin y = ax? + 
b? 
bx +c. After simplification we find ; = _ + . Since, 
b 
however, — 3, = % we have yp = 3 (-5) +e=2xte. 
Therefore, for the general case, the required locus equation is 
y= 3x + c (independent of a!). 


In the given problem 6 = 2 and c = 3. Hence, the required 
equation for the given problem is y = x + 3. 


METHOD Hi: In addition to the turning point with coordinates 
b — f2 
(- = + c), the required locus contains the point (0, c). 


2a’? 4a 
Therefore, for the general case, the required equation is 
—+e-e 
yroe 4a , 7 : . 
aa Tea which, after simplification, becomes y = 


P Sad 
3x +c. For the particular case where 6 = 2, c = 3, and 
a= a,wehavey = x + 3. 
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16-11 Let A, B, and C be three distinct points in a plane, such that 
AB = X > 0, AC = 2AB, and AB + BC = AC + 2. Find the 
values of X for which the three points may be the vertices of a 
triangle. 


AB = X. Since AC = 2AB, AC = 2X. Since AB + BC = 
AC+2, BO = X4+2. 

Since AB+ AC > BC, X+2X > X42,..X > 1. 

Since AB + BC > AC, X+ X +2 > 2X,.. X is any (positive) 
number. 

Since AC + BC > AB, 2X4+X+4+2>X,..X > —-1. 

The intersection of these three sets of X-values is the set X > 1. 


16-12 The area of a given rectangle is 450 square inches. If the area 
remains the same when h inches are added to the width and h inches 
are subtracted from the length, find the new dimensions. 


Let L (inches) represent the original length, and let W (inches) 
represent the original width, with L > W. By the conditions of 
the problem LW = 450 and (Z — A)(W + A) = 450. 

Therefore, LW = (L — h)(W + fA) and so LW = LW + 
A(L — W) — h?. Therefore, ACL — W) — h? = Oorh(L — W— 
hk) = 0. Forh ~0,L — W—h = Osothat A = L — W. Hence, 
the new length L’ = L ~h = L — (L — W) = W, and the new 
width W’= W+h=WiH(L-WE= L. 

COMMENT 1: When 4 = 0, L = W since A = L — W. Then 


L' = We=Land W’' = L = W so that there is no change in 
the dimensions. 


COMMENT 2: When A > 0, L > W. Then L’ = W and W’ = L, 
and the change is merely one in name, the original width be- 
coming the new length and the original length becoming the new 
width. Why is this so? 


COMMENT 3: An expression such as LW = A where A is a con- 
stant, or, more generally, xy = c where c is a constant, illustrates 
inverse variation in the variables x and y. To keep the product 
constant, a change in one variable needs to be offset by a “‘proper” 
change in the other. How do we determine the ‘“‘proper” change? 


COMMENT 4: Since xy = c, y = ‘ . Let us, for example, change y 
to ; y so that y’ = ; y. Since, also, x’y’ = c, then x’ = es and, 
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since y’ = * and y = = we have x’ = (c) + (5)(E) . There- 


fore, x’ = a As verification we have x’y’ = (=)(%) =xp=c. 
Note that the multiplier of y, ; , is the reciprocal of the multiplier 


3. 
for x, 5 a 


COMMENT 5: In the problem here posed, we have L changed to 
LE—Ah so that L’ = ()z and W changed to W + Aso 


that W’ = (AH Bs SE) W. Since the multiplying factors for L and 
-—hA Ww +h E4 
L W ° 
When simplified, this equation becomes A(L — W — h) = 0, so 
that, as we have already found, A = 0 or h = L — W. These 
values for A lead, respectively, to the results L’ = L and W’ = 
W, and L’ = W and W’ = TL. In Challenge 1! we illustrate 
further the importance of comment (4) above by introducing a 


significant change in the dimensions. 


W are reciprocals, their product is 1. Hence, © 


Challenge 1 Solve the problem when 12 inches are added to the width, 
and 10 inches subtracted from the length. 


Let us increase the width by 12 inches and decrease the length 

by 10 inches. Then LW = (L — 10)(W + 12)... LW = LW + 

12L — 10W — 120 °.12L — 10W = 120, and so W = “2— +. 
Consequently, LW = L ‘oe = eh 1) = 450; L? — 10L — 


375 = 0; (L — 25)(L + 15) = 0. L = 25 and W = 18. Therefore, 
LE’ =L— 10 = I15and W’ = W + 12 = 30. 
We Hote that W was changed from 18 to 30, that is, W’ = 


2 W= 2 w, and that L was changed from 25 to 15, that is, 
= ce a 5b. This illustrates the point made in comment (4) 


above that ie multiplying factor for one of the variables, 3 
is the reciprocal of the multiplying factor for the second variable, 


3 . ; - 
3? when the product of the variables is to remain constant. 


16-13 Show that if the lengths of the sides of a triangle are represented by 
a, b, and c, a necessary and sufficient condition for the triangle to 
be equilateral is the equality a? + b? + c? = ab + be + ca. 
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That is, if the triangle is equilateral, then a” + b? + c? = ab + 
be + ca, and ifa? + b? + c? = ab + be + ca, then the triangle 
is equilateral. 


The condition is necessary. Given AABC with a = 6 = ec, prove 
a? + 6? 4+ c? = ab + be + ca. 
(1) a= 6, so ab = 6?; b= c, so be = c?; c = a, 80 ca = a?. 
(2) ..ab + be + ca = a*? + b? 4+ c? 

The condition is sufficient. Given A.A BC with sides a, 6, and c, 
anda? + 6? + c? = ab+ be + ca, provea=b=c. 
(1) a? + 6? +c? = ab+ be + ca 
“ce? — ca — ch + ab = —a? + 2ab — Bb? 
“.—(a — b)? = (c — ale — 5) 
Ife >b>aore > a> Bb, the left side of (1) is negative while 
the right side is positive, a contradiction. 
(2) —(6 — c)? = (a— bya — oc) 
Ifa>b>cora>c > Bb, the same contradiction appears. 
(3) —(c — a)? = (6 — c)(b — a) 
Ifb>ec>aorb>a>c, the same contradiction appears. 
~@a@=b=c 


16-14 Select point P in side AB of triangle ABC so that P is between A 
and the midpoint of AB. Draw the polygon (not convex) 
PPiP2P3P4P5P,_ such that PP, || AC, P,P, || AB, PoP3 || CB, 
P3P, | AC, P,Ps | AB, PP, lI CB, with P;, P, in CB, Po, Ps in 
AC, Ps, Ps in AB. Show that point P, coincides with point P. 


Designate the length of AP by ke, where 0 < k < ,. Then 


CP, = ka, CP, = kb, BP; = kc, BP, = ka, AP; = kb, AP, = 
ke. But AP = kc. Therefore, P, coincides with P. 


16-15 Let P,P.P3...P,P; be a regular n-gon (that is, an n-sided 
polygon) inscribed in a circle with radius 1 and center at the origin, 
such that the coordinates of P, are (1,0). Let S = (P,P2)? + 
(P,P3)? + -:+ + (PiP,)?. Find the ratio S:n. 


METHOD I: Designate the length of P,P. by d;,, the length of 
PiP3 by do, ..., PiP, by dy_;, and, in general, for any point 
P,;, the length of P,P; by d;_1, where i = 2,3,...,m. 
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Using the Law of Cosines, we have 


2_ 42 2 4.4. 2x _ = 2x 
d2=1?41 2-1-1cos= = 2(1 cos = 


= t 1? + 1? — 2-1- Leos = 2(1 — cos) 
1? + 1? — 2-1-1eos@ — 1) 
= 2(1 — cos i — 1)*) 


R.. 
I 
] 


de_goy = 1? + 1? — 2-1-1eos[3 — @ — 0]? 
=2(1+cs¢-1)= 


since [5 -—G- 1]? = is the supplement of (i — = » where 
5 —~@-120. 
Therefore, d?_; + ds (51) = 2-2. When zn is even, Prat 


is one of the vertices, but when # is odd, Past is not one of the 


vertices. In either case da is a diameter, since dn? =2 (1 - 
cos 5° a = 2(1 — cos 7) = 2-2, so dz = 2. 

2 n—l 
Therefore, S = d,? + do? +--- + G@4= Dd? = 
5°22 = 2n. Hence, Sin = 2n:n = 2:1. a: 
METHOD I: From right nae P,P2A (see Fig. $16-15) we have 


= (1 _ a) + sin Gr) 


= (i =cos®)” =? sin? ( (replacing 1 by —i*) 
n a 


$16-15 


17-1 
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Factoring the difference of two squares, we have 
d= [1 (cor B+ ssn 2) — (co + 02)] 


since cos (- =) = cos =" and sin (- 9) = —sin a . We may 
now write d,? = (1 — w)(1 — w*—*) where w is the first imagin- 
ary root of the ” n-th roots of 1 and w"—? is the (n — 1)th 
imaginary root. We, therefore, have d,;? = 1 — w — w*7! + 
w” = 2 — w — w*! since w* = I. 
In a similar manner we obtain 

d—1 = (1 — wa_i(t — w) = 2-—w— wr" 
and d.? = (1 — w?)(1 — w®—*) = 2 — w? — w?, 
and d?_. = (1 — wra_2)(l — w?) = 2 — w? — wr?, 
and so forth. 
= d,? + do? + ds? + cates 

= 2n — 2(w + w? 4+ w9 4 --- $ w8 4 ow? TY) 


“$= In — 2™2 =") ee Appendix VIL) 


Since, however, w* = 1, S = 2n, and S:n = 2:1 


17 Sequences and Series: 
Progression Procession 


Find the last two digits of N = 11'° — 1. 


N= 119-1 = (104 1)'°-— 1 = 10°° + 10-109 + +--+ + 
10-10 + 1 — 1 (See Appendix VI.) Each of the terms 107° + 
10-109-+---+ 10-10 ends in at least two zeros. Conse- 
quently, there is a common factor of 100 so that NM ends in 00. 


202 SOLUTIONS 


: . ys 1 
17-2 Give a recursive definition of the sequence {rt , 0 anatural number. 


Since the reciprocals of 2 are in arithmetic progression, 
1 1 1 1 

Sati” 2 (G5 + 70H) 

: 2f(n)f(n_ + 2) 1 

SOFD = FF fa 4 a? [Y= Gs S® 


OO | emt 


17-3 A perfectly elastic ball is dropped from height h feet. It strikes a 


perfectly elastic surface ~|;¢ seconds later. It rebounds to a 


height th (feet), 0 <r < 1, to begin a similar bounce a second 
time, then a third time, and so forth. Find (a) the total distance 
D (feet) traveled and (b) the total time T (seconds) to travel 


D feet. 
Dm hep mkt th + = b= aE) 
Appendix VIL.) 
Ah rh ir2h 
T= e+ 2/2 +2 f+ --- 
ape 
es 16 hk VA +r : 
oa EET Ve te a aay (See Appendix VII.) 
17-4 For the arithmetic sequence a1, a2, ..., 816, it is known that 


a7 + a9 = ajg. Find each subsequence of three terms that forms 
a geometric sequence. 


415 = a, + 15d, where d is the common difference, a7 = 
a, + 6d and ag = a; + &d. Since a7 + ag = ayg, a; + 6d + 
a; + 8d = a, + 15d. Therefore, d = a;. Therefore, the i-th 
term of the sequence a; = a, + (i — 1)d, wherei = 1,2,3,..., 
16. Since d = a1, a; = a, + ia, — a, = ia; so that a; = la, 
ag = 2a;, a3 = 3a,,.... 

Consequently, one subsequence forming a geometric sequence 
iS a1, Go, ag (with a common ratio r = 2). A second subsequence 
iS 4), @3, @g (with a common ratio r = 3). A third subsequence is 
4}, 44, Aig (With a common ratio r = 4). The fourth, fifth, and 
sixth subsequences are ao, a4, Gg (rF = 2); a3, Gg, Qi2 (F = 2); 
a4, Ag, 41g (F = 2). 

For non-integer values of r such that I < r < 4, we have 


3 4 38 
only r = 5 and r = 3» So that additional sequences are az, dg, 


ag and ag, aj2, a6. 


17-5 


17-6 
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The sum of n terms of an arithmetic series is 216. The value of the 
first term is n and the value of the n-th term is 2n. Find the common 
difference, d. 


Since the sum of terms of the given arithmetic series is 216, 
we have (see Appendix VII) 3 n(n + 2n) = 216, n = 12. (Why 
isn = —12 not acceptable?) .".2n = 24 = 124 Ild,d =~ 


Find the sum of n terms of the arithmetic series whose first term is 
the sum of the first n natural numbers and whose common difference 
isn. 
Probably the difficult part of this problem is the seemingly con- 
fusing language! 

Let 7, be the first term of the given series where T, = 
5 n(n + 1). (See Appendix VII.) Then 
S=T,+ Tn ++ Ta + 2n)4+°--- , 

; + Wa+ (2 -— Ir) = znQT, +n? — n). 

S= gn? + n+ n? —n)= 78 
ILLUSTRATION: Let n = 4, then T, = 5 (4)(5) = 10. The series 
is 10 + (10 + 4) + (10 + 8) + (10 4 12) = 64 = 4°. 


Challenge Prove that the sum of n terms of the arithmetic series, whose 


first term is the sum of the first n odd natural numbers, and whose 
common difference is n, is equal to the sum of n terms of the 
arithmetic series whose first term is the sum of the first n natural 
numbers and whose common difference is 2n. 


Let O,, be the first term of the series first described. Then O, = 
1+3+5+---+ Qn — 1) = n?. (See Appendix VII.) 

S, = O, + (On +n) +°:°>+ (On + (@ — Ir) 

5 (20. +n? —n) 


5 n(2n? +n? —n) = 52° =F 
Let 7,, be the first term of the second series. Then 
So=1T,+ (7,+2)4+ Tn + 4) 4+°-°-°+ 0, 4+ 2 — Dr) 


5027, + 2n® — 2n) 


5n(n? ++ 2n? — 2n) =3n3— 5, so that Sp = Sy. 
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17-7 In a given arithmetic sequence the 1-th term is s and the s-th term 
ist, 1 x s. Find the (r + s)-th term. 


Since the sequence is arithmetic, the r-th term is a + (r — 1)d, 
where a is the first term and d is the common difference. Therefore, 
s = a+ (r — 1)d. Ina similar manner we obtain 


r=a+t(s — Id. (Il) 
By subtraction, s — r = (r — s)d. Dividing both sides of the 
equation by r — s, we have d = —1. Therefore,a@ = r+s—I1 


(from I). Also, since the (r + s)-th term is a + (7 + s — 1)d, 
we have the (r+ s)-th term equal to a + a(—1) = 0 (sub- 
Stituting —1 for dand r+ s — 1 fora). 


Challenge Jf S, = 5 (r+ s)(r +s — 1), find n. 
Since Sr +3)(r+5—N=F0+s—-D6+9n=rt5—1 


orr+s. 
Since the (r + s)-th term is zero, this is possible. 
ILLUSTRATION: Let r = 5, s = 9. Then, since d = —1, a = 13. 


The first 14 terms of the sequence are 13, 12, 11, 10, 9, 8, 7, 6, 
5, 4, 3, 2, 1, 0. The 5th term is 9, the 9th term is 5, the 14th term 
is zero, and the sum of thirteen terms equals the sum of fourteen 
terms. 


17-8 Define the triangular number T, as Ta = sn(n + 1), where 
n= 0,1,2,...,n,..., and the square number S, as S, = n’, 
wheren = 0,1,2,...,n,.... Prove 
(a) Taga = Ta tn + 1 (5) Soya = Sn + 2n + 1 (©) Sagi = 
Tanai + Tn (d) Sn = 2Tn — n. (See Fig. S17-8.) 

(@) Taua = 50 + IH + 2) = pan + 1) +5 QH +2) 
=5ntltntl=T+nt+1 
(b) Snaa = (2 + 1)? =n? + 2n+1= 5, + 2n4+1 
© Sui = @+ DO +1) = 3 @4+ Datnt2 
= Ft D@t2+52@4+ 1 =Tryrt Tr 


(@) Sa = Sagi — 22 —1= Tayi tTe — 2-1 
T,tn+14+7, —2n—1=2%,—1n 
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— 


+ +r t+ 
e 
e 
e 
+ 


+ 
e 
e 
e 


Tt 44147, $,+2 341=S, T+ Ty= Sy 27,-5=S, 
T,tn+1-Tys, S,t2n+1-S,,,  T,,,+7-S 27,-n=S 
$17-8 


17-9 Beginning with the progression a, ar, ar”, ar*, ..., ar®—#, ..., 
form a new progression by taking for its terms the differences of 
successive terms of the given progression, to wit, ar — a, 
ar? — ar,.... Find the values of a and t for which the new pro- 
gression is identical with the original. 


Since the progressions are the same, so are the (7 — 1)-th terms. 
ar™ — ar®—! = ar™—!? > ar® = 2ar®™} 


For a ¥ 0,r ¥ 0,r = 2. For r = 2, a is arbitrary. 
ILLUSTRATION: From 3, 6, 12, 24, 48, ..., we obtain 6 — 3, 
12 — 6, 24 — 12, 48 — 24,...; that is 3, 6, 12, 24,.... 


17-10 The interior angles of a convex non-equiangular polygon of 9 sides 
are in arithmetic progression. Find the least positive integer that 
limits the upper value of the common difference between the 
measures of the angles. 


We may represent the angle measures by a, a + d,...,a-+ 8d. 
..9a + 36d = 7(180), or a + 4d = 140. Also, a + 8d < 180. 
(Why?) 

Therefore, 4¢ < 40, d < 10; that is, the common difference is 
less than 10°. 


17-11 The division of =e , where r <8, that is, where r is very much 


smaller in magnitude than s, is not exact, and is unending. If, 
however, we agree to stop at a given point, the quotient is a poly- 


nomial in : whose degree depends upon the stopping point. Find a 


ee eee F 
second-degree polynomial in ; best approximating the function 


KY 
SaoE where t <5. 
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We may divide the numerator and the denominator os ; by Ss 
to obtain . By actual division, or by binomial ane. 
1+- 
s 
1 2 3 : 
we fad at f+ (J = (bor Stee recs 


s 


Ss r 
we may truly say that ea 1- tr 
r 2 r 3 . a 
(5) _ @) + .---+.Fora second-degree polynomial approxima- 


tion to —— ey , we therefore have | — - “+ ¢ )’. 


ILLUSTRATION 1: Suppose r = .l and s = 10. Using the approxi- 


2 
mating polynomial, we have 1 — a (35) = .9901. By 
division we find that —— ree ate | Re Ral w= = .99009900 . 

The approximate value agrees with the exact value in the fourth 
decimal place. 


ILLUSTRATION 2: Suppose r= —.1 and s = 10. Using the 
= —1\2 

approximating poses we have 1 — = + Gt = 1.0101. 
10 a3 

Working directly with —— = ;» we have je S67 1.0101 . 


Again there is agreement to four decimal oa 


17-12 When P,(x) = 1+ x +x? +--+ + x" is used to approximate 


the function P(x) = 1 EXP pee $M ps when x = t 
(see Problem 17-11), find the smallest integer n such that 


|P(x) — Pa(x)| < .001. 


BC\Sieiedeetet@= 1) Sis 
Appendix VII), while P(;) sh es 


1 4 4 1 1 
When x= 33 PG) — Px = 5 == =) “Ta < 
so n > 5, when n is an integer. 


Challenge 3. Show that the values of n are large for those values of x 
that are toward the middle of the interval (—1, +1). 
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HINT FOR PROOF: First show that for any x in —1 < 
1 
x < 1, |PQ) — PaQ)| = ap : 


17-13 Find the numerical value of S such that S = ay +a, +a. +¢°°+ 


an + +++ where ag = 1, an = 1, and ange = An — Angi. 
—1 5 
Qg = Ag — ay SPelonPtr—1=0r5 73h 
_ 1 _34+V3 
Therefore, S = a oy eer Ra 
1 — ———_ 
2 
1 _ 3-3 
aie -l1-vV5 2 
~ 2 


Challenge Solve the problem with ay = 2. 
r = —2 or 1; but both must be rejected. Why? 


17-14 A group of men working together at the same rate can finish a job 
in 45 hours. However, the men report to work singly at equal 
intervals over a period of time. Once on the job, however, each 
man stays until the job is finished. If the first man works five times 
as many hours as the last man, find the number of hours the first 
man works. 


The number of man-hours required for the job is A = 45n where 
n represents the number of men. Let x represent the number of 
hours the first man works. Then the second man works (x — d) 
hours where d is the hour interval between the first and second 
man, and the a-th man works x — (n — 1)d hours. 

LettS=x+tx—-d4+@-24€2)4+°-'4+@-Q—-Dd) = 
5 n[2x — (n — 1)d}. (See Appendix VII.) 


“5 nl2x — (a — Id] = h = 45n () 
Since x = 5[x — (n — Id], d = wT . Substituting the value 
for d into (1), we have ; n( 2x - “ = 45n. Therefore, 3x = 225 


and x = 75. 


17-15 A sequence of positive terms Ay, Ao, ..., An, .-. satisfies the re- 


2 : 3(1 + An : 
cursive relation Ans. = ae . For what values of A, is 
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the sequence monotone decreasing (ie., Ay > Ag > °° * > 
An 2 °°")? 
For a monotone decreasing sequence, A; > Ay > ''° > 
An Dott. 

343A 
Therefore, A, = I+A < Ay. 


3+ 3A, < 34, + A1723V3 < AY 


17-16 If S = n° + (n + 1)? + (n + 2)° + --- + (2n)3, n a positive 
integer, find S in closed form (that is, find a formula for S), given 


that 1? + 234. ---4 n? = 5n%(n + 1)?. 
Let S; = 13 + 23 4+ 3% 4+ --- 4+ (Qn)? = 
(using the given formula for 1, 2, ..., 2m). 
Let Sp = 19 4 27433 4--- + — 1)? =F — 1I%(n)? 
(using the given formula for 1, 2,...,” — 1). 
S$ = Si — Sp = 5 Qn)?Qn + 1)? — 5 — 1°)? 
= 5G + Gn + 1) 

ILLUSTRATION 1: Find S where S = 35 + 43 + 53 + 63, 
S = 5-3?-4-16 = 432 
ILLUSTRATION 2: Find S where S = 507 + 513 4 --- + 100°. 

= 3 (50)?(51)(251) = 24,001,875 


5 2n)?Qn + 1)? 


17-17 If Sk) = 1+243-+---+k, express mn in terms of S(m), 
S(n), and S(m + n). 


Sim + n)=14+2434-:°+ m+n) 

= 50m + nym +n+1) 

= 5 (m? + mn + n? + m+n) 

= 50m? + m) + 5 (0? +0) + mn 
S(m) = L+2434:++ +m = 4mm + 1) = 5 (m? +m) 
Similarly, S(n) = 5 (n? + 7). 


S(m + 2) = S(m) + Sr) + mn 
mn = S(m + n) — S(m) — S(n) 
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17-18 Each a; of the arithmetic sequence ao, a1, 25, a3, a4 is a positive 


17-19 


integer. In the sequence there is a pair of consecutive terms whose 
squares differ by 399. Find the largest term of the sequence. 


METHOD I: Try 257 — a,? = 399. Then a,? = 226. Reject, 
since a, is not an integer. 


Try a3? — 25? = 399. Then a? = 1024 = 327. ...a3 = 32 and 
d = 7. Therefore, the largest term is ag = 39. 


METHOD II: @g = 25 — 2d, a; = 25 — d, az = 25 + d, a4 = 
25 + 2d. 


Try 25? — (25 — d)* = 399. Then d? — 50d + 399 = 0. The 
discriminant is 904, so that d is not an integer. Reject. 

Try (25 + d)? — 25? = 399. Then d? + 50d — 399 = 0 = 
(qd — 7) + 57). Using the value d = 7, we obtain a3 = 32 
and a, = 39. With the value d = —57, the sequence is 139, 
82, 25, —32, —89. With the condition in the problem that each 
a; is a positive integer, this result is rejected. If the problem is 
changed so that each a; is an integer, then the result 139 is 
acceptable. 


Let S; = 1 + cos?x + cos*x +--+; Jet Sy = 14 sin? x + 
sintx + +++; letS3 = 1+ sin? x cos? x + sin*xcos*x +--+, 
with <x <5. Show that S; + Sp = S,So, and that S; + S_ + 
S3 = 8,S.S3. 


. i 1 
ForO<x< >? O<cosx<1 0.8; = tele ante 
(See Appendix VII.) 
1 1 


O<sinx<1 ..S2 = >oGpex = wx 


1 1 cos? x + sin? x 1 
Si + S: = sin? x oe cos?x = sin? xcos?x _— sin? x cos? x 
= $,S_ (since cos? x + sin? x = 1) 
1 
S3 = 1 — sin? x cos? x 
1 1 1 
coOE se aT On sa Toya 1 1 int pee x 


__ cos? x({l_ — sin? x cos? x) + sin? x(1 — sin? x cos? x) + sin? x cos? x 
= sin? x cos? x(1 — sin? x cos? x) 


I = SiSeSa 


~ sin? x cos? x(1 — sin? x cos? x) 
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17-20 A square array of natural numbers is formed as shown. Find the 
sum of the elements in (a) the j-th column (b) the i-th row (c) the 
principal diagonal (upper left corner to lower right corner). 


1 2 3 : ; : n 
n+ 1 n+2 ; : ‘ 3 2n 
2n+ 1 2n + 2 


(n— In+1 (n — 1)n4+ 2 

(a) In the j-th column the first element is j and the last element 

is (n — 1)n + j, with a common difference of 7. Therefore, the 
1 2 F 1 , 

sum Sj = 5a j+ (2 — In + j= 3 n(n? —n-+ 2). 

(b) In the i-th row the first element is (f — 1)n + | and the last 

element is ni, with a common difference of 1. Therefore, the sum 

Si = 5 nl@ — In + 1 + ni] = 5 nQni — 1 +). 

(c) In the principal diagonal the first element is 1 and the last 

element is n?, with a common difference of m + 1. Therefore, 


the sum Sp = *n(l +n?) = + n(n? +1). 


17-21 Ler S = 2x + 2x3 + 2x54 --- 4 2x71 4 +++, where |x| < 1, 

i 1 1 

be written as PO 
integer coefficients. 


. Express P and Q as polynomials in x with 


S = 2x(1 + x? + xt +--+ + x% 72 4 ---), Since [x] < 1, 
= (See Appendix VII.) 


1 — x?° 


1 
ae 
2x A 


B : , . 
Let > = Tox ty, De an identity in x. Then 2x = 
A(l + x) + BU — x). Letting x = 1, we find A = 1. Letting 
1 


x = —1, we find B = —!. Therefore, S=;> —--——s 
—-x +x 
that P=1-—xand Q=1+4x. 


Oo 


2 fe eed 2 
17-22 Let | = lim wee ae , that is, the limiting value of the 


ne 


fraction as n increases without bound; find the value of 1. 
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Let S= G(1? +2? 4--+ +7) 


= 4 : : n(n + 1)Qn + 1). (See Appendix VII.) 
— 2n +3? +n 2 +3n+1- 
= 6n3 = 6n? 


1 1 1 
Therefore, S= 3+ 5, + Gn" 


As n increases without bound, both > and a approach 
arbitrarily close to zero. Therefore, the limiting value of S, which 
we labeled J, equals ; : 

: . P42 4--- 4a 1 : 

In general, if J = Le aa aes ,l= ra? In this 
problem, r = 2so that 7 = 5 

A geometric interpretation is helpful (see Fig. $17-22). Consider 
the area K between the x-axis and the parabolic arcy = x?, 
0< x < 1. Partition OA into n equal segments and erect rect- 
angles as shown. The sum of the areas of these rectangles approxi- 
mates K, the approximation improving with increasing n. The 


heights of the rectangles are ()’ ; (7)" postetey (7) ‘ (2) ; 


the widths are each equal to * ‘ Therefore, the sum K* equals 


1(2)’ 1 2)’ at 43(2? es bin ++ fn? % 
axX\a ae n * n 218 -Asnin- 


creases without bound, K* — K. But K equals the area of rect- 
angle OABC minus the area of parabolic segment OBC. 


K=1- ; = ;: (We use a theorem of Archimedes which 
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states that the area of a parabolic segment is = ? the area of the 
circumscribed rectangle.) 


2 2 2 
17-23 Let S= 5 +5 t+ pgt oc + 


formula re rs. 


2 : * 
nin +1) . Find a simple 


: 1 1 
Noting that nee wap s-eewe may write S as 

1 1 1 1 1 I 1 
ap-gtgcatacagt te it+i-s) 


S=2 (1 - =i) = al , since all but the first and last 


terms are removed by “cancellation.” 


z ‘ ‘ 2 2 2 
Challenge Find the values of Lid S; that is, ri) + 73 + qed +: 
fim $ = tim 2(1 — 49) =? 


COMMENT: The terms of series S are the reciprocals of the 
triangular numbers 5 n(n + 1). (See Appendix VIT.) 


17-24 An endless series of aid is sland on the curve * x» each 
with width 1 and height ~ - = si > WH 12 Shee Find the 
total area of the ebianeless 


METHOD I: Since the width of each rectangle is 1, the area is the 
same numerically as the height. The total area is, therefore, 


G-3+G-3+G-)+--+Gh-)+ 
Gaga) += iw (1 =) © 1 


METHOD 11: In Fig. $17-24, R, represents the rectangle with width 1 


and ae se s Rz represents the rectangle with width 1 and 


height 3 = , and so on. 


Let ‘the aaa: be translated to the left to come in contact 
with the y-axis, as shown by the dotted lines. Then Ry + Ro + °°: 
now occupy the rectangular region whose vertices are (0, 0), 
Ci, 0), (1, 1), and (O, 1). The area of this region is 1 X 1 = 
Therefore, the total area of the rectangles as described in the 
problem is I. 
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$17-24 


COMMENT: An alternative way of stating this problem is, find S 


1 1 1 1 
where Sao gt at ' tea en ++ (See Problem 
17-23.) 


1 1 1 
17-25 LetSun=7qatqqt + Gi Danan Meren = | a eee 


Find a simple formula for S, in terms of n. 


We note that u, = 
Then 
Sa = Un + Uni test bug + ay 
1 1 1 1 1 
= 3 (moa - wen) +3 (Hes - ee) + 
1/1 1 1 1 1 
+3477 3\1 4 


1 
Ga — TED +) 3 Go —2 3n+ sc): 


=: (1 ES Ne 2 nes 
~ 3 3n + 1/ 3a +1 

COMMENT: The limiting value of S,, as 1 increases without bound 
1 


is 3 y 

17-26 Let S = ay + ag +°°* + ap_y + a, bE @ geometric series with 
common ratio t,t ¥ 0, 1r ¥ 1. Let T = by + bo +:°°+ + ba_y 
be the series such that b; is the arithmetic mean (average) of a; 
and a341,j = 1,2,3,...,n. Express T in terms of a1, an, and r. 


As defined in the problem, 6; = 5 (a1 + a2), bg = ; (a2 + az), 
and so on. 


Since a1, @2, dg, . . . IS a geometric sequence with common ratio r, 
a2 = @\r, 43 = a,r”, and so on. 
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17-27 


Therefore, 6, = 5ax(1 +r) b= S air(l +r), 63; = 
Sayr(1 +r)..., 0:1 = 5 ayr*A(1 + r). Consequently, T = 

1 pes 1 
CE )a@nd tr te td = = ) @) 
(d+ ere = aa 


~ly _ 
(See Appendix we = wi - Pe a i 


- — pal 


since a, = a,r" 


The sum of a number and its reciprocal is 1. Find the sum of the 
n-th power of the number and the n-th power of the reciprocal. 


METHOD I: We have 


as aaa 
eth (or let4d)- (42) -oc0-1 


xt4+ 5 = (7? +5)? +5) -2= Cnn -2 
| 


4 = (8 +5)+4)-(+})= a). 


xo4¢ 5 = (4+ 5)(8 ee ee 


It will be seen shortly that it was not necessary to develop 
the values for n = 5 anda = 3 and even forn = 6. 
We now show by mathematical induction (see Appendix VID 


that x" + — = 2 for all m of the form 6k, k = 0, 1, 2,.... 
For k = 0 we have x° + =; = 1+ 1 = 2. For k = 1 we have 


i 

+ 
| 
T 


; 1 
xo + x0 = 2, as shown above. 
; 1 ; : 
Assume that x°* + ja = 2, for an arbitrary integer value of 
Se 1 1 ; 1 
k= 1 Then 4°47): PTT Ge a wa) (* ae 3) 
k— 1 . ; 
(x4 Dy san) = 2-2 —2 = 2, since x 4 a = 2and 


2 1 . 1 : 
Ok ysu-y = 2 by assumption and xe 4 xo = 2 by veri- 
fication. 
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For 6k + 1 and 6k + 5, we may use the single form 6k + 1 
since 5 = 6 — land x ++ = x + A. Since x##! + 


an = = (x od + saz)(x*" + <5) re s + san): we have 


2 (xo 4 mi) = (x + 5) (x? + 5) = QD. There- 


fore, xt! + [= 1. 

For 6k + ,; and 6k + 4 we use the single form 6k + 2, 
because 6k + 4 = 6(K + 1) - 64.4 = 6k — 2. cares 
me Ca + sai) (x*? + sa) - (xstt? + = it follows 
xeke2 xek xt? ae 

1 
that 2 (st? + =a) = ae + a)? +4 = 2(—1)so 


1 
that <9" a = 


Gk+2 


In a similar manner, we have x®*+3 + sh ea, 
In summary, x” + = = 2 when n = 6k 
1 when 2» = 6k + 1 
—1 when n = 6k +2 
—2 when n = 6k + 3. 


. 1 ? 
METHOD It: Since x + > = 1, x? — x+ 1 = 0, with roots 
14+ 8/3 1 1 — i/3 1 


fa Sen Se 
Consider the equation x? — 1 = 0, with roots 1, w, w?, where 


-1+iv3 1 eS A 
er ae wv =-_eoeoeo- CU = * 


w2? 2 ~ 
Since w? = 1, w** = 1, and 1+ w-+ w? = 0, and 
be Ages 
n=; w?, an mo = —w. 
Therefore, x + + = —w?— w=], 
1 
x? 4+ 5 = wit w= w+ w? = —1, 
1 
x? +5 = —wS— wi = -1—-1= —2, 
1 
x*+ a= w+wt= w?+w= I, 
1 
xP += = —wl — w= —w— w? = 1, 
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x6piaw?4wea14+1=2. 


secs ees Aaa la ia 


1 
alles er ye oa = —wt? — pt! = l, 
x02 4 Le = wht 4 wt? = wt! 4 wt? = -1, 
xOkES x eats = —wtS — wt? = _2. 


A ‘ 1 
METHOD Il: Using trigonometry, we have x + ae l,x?—x+ 


1 i/3 neee 1 — if3 
1=0n = Liv = cos 60° + jsin 60°, re = 1a = 
1 1 

ee 2 ee ae ead 


Therefore, x +2 = = (cos 60° + isin 60°) + (cos 60° — isin 60°) 


Since (cos 60° + isin 60°)” = cos 60n° + isin 60n° (De Moivre 
Theorem), we conclude as follows. 


x? + 5 = (cos 120° + i sin 120°) + (cos 120° — isin 120°) = 


x® + = = (cos 180° + isin 180°) + (cos 180° — isin 180°) = 
ee ee ear eee 
xt + s = (cos 240° + isin 240°) + (cos 240° — isin 240°) = 


x° + 4 = (cos 300° + isin 300°) + (cos 300° — isin 300°) = 
1 V3 iV _ 


1 
Ce eo ee a 
x8 4 2, = (cos 360° + isin 360°) + (cos 360° — isin 360°) = 


140+1-0=2 


Sequences and Series: Progression Procession 217 


x 4 2 = (cos 360K° + isin 360k”) + 
(cos 360k° — isin 360k°) = 
1+0+ 1-0 = 2,and so on. 


17-28 Alpha travels uniformly 20 miles a day. Beta, starting from the 
same point three days later to overtake Alpha, travels at a uniform 
rate of 15 miles the first day, at a uniform rate of 19 miles the 
second day, and so forth in arithmetie progression. If n represents 
the number of days Alpha has traveled when Beta overtakes him, 
find n (not necessarily an integer). 


Using a routine procedure, we may write 


202 + 3) = 154+ 19 +4+---+ [15 + (@ — 14) 
= 5130 + (n — 1)4] 
(See Appendix VII.) Then 2n? — 7n — 60 = 0 = (2n — 15) X 
(n + 4). Therefore, n = 75 andn +3 = 10;- 
Checking, = find Alpha’s distance is 210 miles and Beta’s 
distance is 2105 miles. What i . wrong? 
We sisnied the formula 5 + n[2a + (n — 1)d]; the formula is 


valid only for n a positive pee as proved by mathematical 
induction. (See Appendix VII.) 

After 10 days Alpha has traveled 200 miles while Beta has 
traveled 189 miles. Sometime during the eleventh day Alpha and 
Beta meet. Let x be the number of hours on the eleventh day 


when the — occurs. Then 7 °-49= 114+ . (20), 23x = 


11-24, x = =: 24. Hence, a = 1055 days. 

CHECK: In iol days soa a traveled 200 +3 — S miles while 
Beta has traveled 189 + 55-43 = 189 + 11 + "20 = 200+ 
220 

33 miles. 


Let us view the problem geometrically (Fig. §17-28). Alpha's 
distance is represented by the area of the series of rectangles 
60 + 7-20 + 201. Beta’s distance is represented by the area of 
the rectangles 15 + 19 + 23 + +--+ 39 + 432. 

Below RS (see diagram) the excess of the Alpha area over the 
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Beta area is 60 + 5 + 1. Above RS the excess of the Beta area 
over the Alpha area is 3 + 7 + 11 + 15 4+ 19 4 231. 


ep _ il 
66 = 55 + 234,1 = 55 


17-29 Find a closed-form expression for Sy, where S, = 1-2 + 2-274 
3-23 +---+ n- 2°; that is, find a simple formula for S. 


Se = 1°242-27? 43-23 45-542 — D2 142-2 
2S, = 1-27 42-23 4-+- + @— 2277! 4 @— 12" 
+a-2tt 
n-2ett — (24 27 + 23 +--+ 4 2") 
ant 2 a4 @— prt 
(See Appendix VII.) 
ILLUSTRATION: For n = 4, Sg = 243-25 = 98 =24+84 
24 + 64. 


By subtraction, S, 


17-30 Show that ¥ <3 < 2where eLanptyt eee 


r 


; ee oe 
First we show that 3 aT = 1, and that >a ae | ae 


Since aan = 1 — —; (see Problem 17-23), 
dwn = Cra a oS: y+G-gtec=! 
Since 4+ = +, - +) 


rr — 1) r—1 


See G- 2) + G- ae Gs 7 ee 
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, 2 ah 8 ts, 
Since rr-D<r <rr + b, re) ~~ w—Dp 
Therefore, 

See a ee, 

r=1 rr + 1) r=1 r r=2 r r=2 i dios 1) 
de 2 Doe ee ae 2 


=1 
x rr +1) < 2 


Thus, 1 < > <5 
17-31 Express S, in terms of n, where S, = 1-1! + 2-2! 4+ 3-3! 

+ee++nenl. 

METHOD I: S, = 1-1! + 2-2! +---4a-nt = 1-1! + 

2-2 +--+ tnent tani —n! 

But a-nl tnt = t+ DY. ..S, = 1-1 42-28 4---4+ 

@@— D@a—- lt -—a+@4+ Di. 

But (2 — Dik — Di-— al = -—@—)! ..S, = 1-1 4+ 

2-24+---4+@—-2ae—-2-(a#-DYi+@4¢ DD. 

Continue in this manner to obtain S, = 1-1! + 2-2! — 314+ 

(n+ DI. 

Therefore, S, = (n+ 1)! — 1. 


METHOD Hi: Using mathematical induction, we have 
S,;=1-W=1=2—landS,=1-1W42-2i=5=3!-1. 


Assume that S, = (k + 1)! — 1; then (K + D(A + D!4+ S, = 
Sign = (K+ DE-— 14+ &4+ IK + VD. 
Therefore, Sega. = (K+ DMCA 4+ 2) -—1= (K+ 2)! -— 1. 
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18 


18-1 


Logarithms: A Power Play 


Find the real values of x such that x log, 3 = log; 3. 


log: 3 
loge 3 ° 


Since x loge 3 = logi93, x = 
2° = 3 (D. 

Taking logarithms of both sides of (1) to the base 10, we have 
alogigp 2 = logo 3. 


a logio 2 
a 


Let logs3 = a, then 


Therefore, x = = logig 2. Hence, x ~ .3010. 


Challenge Find the real values of y such that y logy 3 = logs 3. 


18-2 


18-3 


18-4 


METHOD I: (Quickie Solution) Since y is the reciprocal of 
1 

% YP * 30I0° 

METHOD II: (Formal Solution) Follow the pattern used in 

Problem 18-1. 


Find the real values of x for which (a) F is real (b) F is positive, 


2x +4 
‘= ,a>OaXkl. 


where F = log, 


(a) F is real when 0 < an * so that either 2x + 4> 0 and 
3x > Oor 2x + 4 < Oand 3x < 0. Therefore, F is real for x in 
the union of the sets x > 0 and x < —2. 


(b) F is positive when 1 < at 2 
F is not real for —2 < x < 0, F is positive only for the set 


O<x< 4. 


so that x < 4. However, since 


If f is a function of x only and g is a function of y only, determine f 
and g such that logf + logg = log(l1 +z) where z=x+ 
xy +. 


log (1 + z) = log(l+x+xy+y) 
log (1 + x)C1 + y)) = log f+ log g = log fe 


-f=i1+xandg=1+y. 


If (ax)e9* = (bx)'22", a, b positive, a ~ b, a ~ 1, b ¥ 1, and the 
logarithmic base is the same throughout, express x in terms of a 
and b. 
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Taking logarithms of both sides of the equation to the same base, 


log a log ax = log b log bx 
log a(log a + log x) = log b(log b + log x) 
(log a)? + log a log x = (log b)? + log b log x 
log x(log a — log 6) = (log b)? — (log a)? 
(log 6 + log a)(log b — log a) 


log x = —(log b + log a) 
= —logab 
= log (ab)~? 
Therefore, x = (ab)7}. 


1 \loga , 1 \logd 1\loga , /1\l0g6 
VERIFICATION: (a : =) = (6 . <) or G) = (;) . 
ab ab b a 


Let log. a = usothat a = c”, and let log. 6 = v so that b = c’. 


1\logea 1\z# 1 1\loged 1\2 1 ; 
Sy" = (GY = ae and (3) = (Z)" = ce with tee 
versible steps, or, taking logarithms of both sides of the tested 


loga logd 
equality be amare 0 a » we have loga(log1 — log }) 2 
b a 


log b(log 1 — log a). Since log 1 = 0, we have —logalogb = 
—log a log b with reversible steps. 


i 1 


; F 1 
18-5 Find a simple formula for 8, = logs N + lash tee t en 


N> 1. 


Since log, 6 = then S, = logy 2 + logy 3 +---+ 


1 
log, a’ 
logy 25 = logy 25! 

1 1 1 


Challenge Finda simple formula for Tn = be foe + len 


SE ogNT 1. 
Tn = logy 2 — logy 3 + logy 4 — logw 5 + +++ — logw 25 

= logy 2°4:6-:+:: +24 — logn3-5-7- +++ +25 

= logn 2:4:°6-° +: +24 — 
\ (3-567 - 0+) 2502-24-65 02+ 24) 
O8N 2-4-6-----24 

13 25! 
= logy 2°*- 12! — logw 517-491 


(212.1212 


= logy 35; 
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19 


19-1 


19-2 


19-3 


19-4 


Combinations and Probability: 
Choices and Chances 


Suppose that a boy remembers all but the last digit of his friend’s 
telephone number. He decides to choose the last digit at random in 
an attempt to reach him. If he has only two dimes in his pocket 
(the price of a call is 10¢), find the probability that he dials the 
right number before running out of money. 

The probability of dialing correctly the first time is a The 
probability of failing on the first attempt and succeeding on the 
9 «1 1 
10:9 10 
therefore, 6 += ieee 


second attempt is > The required probability is, 


In a certain town there are 10,000 bicycles, each of which is assigned 
a license number from 1 to 10,000. No two bicycles have the same 
number. Find the probability that the number on the first bicycle 
one encounters will not have any 8's among its digits. 


An 8 can occur in the unit’s place, the ten’s place, the hundred’s 
place, and the thousand’s place, each with a probability of .1, and 
so the probability of a digit other than 8 in any one of these 
positions is .9. The probability that a digit other than 8 occurs in 
all four positions is (.9)* = .6561, and this is the probability 
that there will be no 8’s in the license number. 


Suppose Flash and Streak are equally strong Ping-pong players. 
Is it more probable that Flash will beat Streak in 3 games out of 
4, or in 5 games out of 8? 


For 3 games out of 4, the probability is (3)(G)° (5) = - = = ’ 
where C ) means = and, in general, ( ) means 7a" KS 
For S games out of 8, the probability is (2)G) (3)° 


Therefore, the more probable is 3 games out of 4. 


Show that in a group of seven people it is impossible for each 
person to know reciprocally only three other persons. 


19-5 


19-6 
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The number of groupings of 3 elements from 7 elements is 


7! : : 5 : 
G) = 341 = 35. Since, however, in this case the relation is 


reciprocal, only half as many groupings are required. But 


; (35) = 17; groups is an obvious impossibility. 


At the conclusion of a party, a total of 28 handshakes was exchanged. 
Assuming that each guest was equally polite toward ail the others, 
that is, each guest shook hands with each of the others, find the 
number of guests, n, at the party. 


Represent the number of guests by n. Then (3) = 28; that is, 


mK” = 28, n? — n — 56 = 0, (n — 8)(n + 7) = O;n = 8. 


If we designate the guests as A, B, C, D, E, F, G, H, the 28 
handshakes are AB, AC, AD, AE, AF, AG, AH; BC, BD, BE, 
BF, BG, BH; CD, CE, CF, CG, CH; DE, DF, DG, DH; EF, 
EG, EH; FG, FH; GH. Note that each letter appears 7 times in 
this list, corresponding to the seven handshakes made by that 
guest. 


A section of a city is laid out in square blocks. In one direction the 
streets are El, E2, ..., E7, and perpendicular to these are the 
streets N1, N2, ..., N6. Find the number of paths, each 11 blocks 
long, in going from the corner of E\ and N1 to the corner of E7 
and N6. 


Going from A to B (see Fig. $19-6), one can choose six (7 — 1) 
“east” streets and five (6 — 1) “north” streets. At each inter- 
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section there is a choice of traveling along an east street or along 
a north street (except at the eastern boundary and the northern 
boundary). 

Now we consider the trip composed of 11 blocks. By letting e 
represent an east block and nv represent a north block, we can 
describe some possible paths as: e, e, e, n, n, e, n, €, MN, M, @3 OF 
€,n,e, nN, @, M, e, n, e, Nn, e; OF e, e, e, e, e, €, N,N, N,N, N; OF e, e, Nn, 
Nn, e, @, n,n, e€, e,n; etc... We seek the number of different paths; 
that is the number of different arrangements of the e’s and n’s. 


In all, aaa oo are (2) or (3) choices. Since () = a 
11 ae 
and (3 \= = aa? these, of course, are equal. Therefore, the 


number of paths is Ce) = 462. 


COMMENT: In general, for m east streets and n north streets, the 
number of paths is eS Pa ') 7” (Ze l+n- ') = 


m— 1 a-l 
(m-1ltnr-D 
(m — It -— 1)! 


A person, starting with 64 cents, makes 6 bets, winning three times 
and losing three times. The wins and losses come in random order, 
and each wager is for half the money remaining at the time the 
wager is made. If the chance for a win equals the chance for a loss, 
find the final result. 


atc each win, the amount at the time of the bet, 4;, becomes 
5 As; and wee each loss, the amount at the time of the bet, 4;, 


eae 3 LAS After three wins and three losses, in any order, 


the amount left is G 4.,)(G 4 «(5 Ai, G 43,)(5 A;,)(3 4 ae 


that is, — A where A is the original amount, since one of A;,, Ai, 
Ais, Aj, A;,. Aj; is A. 

Consequently, if A = 64 (cents), there is a loss of 64 — 27 = 
37 (cents). 


A committee of r people, planning a meeting, devise a method of 
telephoning s people each and asking each of these to telephone 
t new people. The method devised is such that no person is called 
more than once. Find the number of people, N, who are aware of 
the meeting. 


19-9 
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We start with r people. The first set of telephone calls adds rs 
people. The second set of calls adds srt people. (See Fig. $19-8.) 
Therefore, N= r-+rs+ rst = r(1+s5-+ st). 

ILLUSTRATION: Ifr = 4,5 = 3,4 = 2,N = 41 + 3 + 6) = 40, 
with similar trees for 72, 73, 74. The separate branches total 
41 X 4, 128 x 4), 24(6 x 4), in all, 4 + 12 + 24 = 40. 


+(1+3+6)=10 


$19-8 


Assume there are six line segments, three forming the sides of an 
equilateral triangle and the other three joining the vertices of the 
triangle to the center of the inscribed circle. It is required that the 
six segments be colored se that any two with a common point must 
have different colors. You may use any or all of 4 colors available. 
Find the number of different ways to do this. 


CASEI: Three colors are used. (See Fig. $19-9.) We can choose 
the three colors in G) = = = 4 (ways). Designate the colors 


as Ci, Co, C3, C4. One possibility is 4C,, 5C2, 6C3, 2C,, 1C2, 
3C3. Any permutation of these subscripts will yield the same 
pattern. 


#1 #2 
#3 
$19-9 


CASE 11: Four colors are used. We can choose 3 out of the 4 
colors in 4 ways for segments 1, 2, 3, and the fourth color for 
either of the segments 4, 5, or 6. The colors of the remaining two 
segments are then determined. That is, there is only one way to 
assign the colors to the remaining two segments. Hence, when 
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four colors are used, the six segments may be colored in 4-3 = 12 
ways. The total number of different colorings is, therefore, 
4+4=8. 


19-10 A set of six points is such that each point is joined by either a blue 
String or a red string to each of the other five. Show that there 
exists at least one triangle completely blue or completely red. 


We may consider the six given points as the vertices of a six-sided 


polygon with nine diagonals since the number of diagonals of an 
me Alternatively, we may reason 
as follows: there are 6 points to be joined by straight line seg- 
ments, and this can be done in (3) = a 
15 segments, 6 are sides and 9 are diagonals. (See Fig. $19-10.) 


n-sided polygon is d = 


= 15 ways; of the 


Ps $19-10 


Each triangle consists of either 2 sides and 1 diagonal, or 
1 side and 2 diagonals, or 0 sides and 3 diagonals. 


When there are more than 8 red or more than 8 blue there will be 
at least one single color triangle. 


The other possibilities in tabular form are as follows. 


Red __— Blue Result 


(1) 6s,2d Os, 7d at least 1 blue triangle with 3 diagonals 
(2) 5s,3d 1s,6d at least 1 blue triangle with 3 diagonals 
(3) 4s, 4d 2s,5d at least 1 blue triangle with 3 diagonals 
(4) 3s, 5d 3s,4d at least 1 blue triangle with 3 diagonals 
(5) 2s,6d 4s,3d at least 1 blue triangle with 3 diagonals 
(6) 1s, 7d 5s,2d at least 1 red triangle with 3 diagonals 

(7) Os, 8d 6s, 1d at least 1 red triangle with 3 diagonals 
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Explanation of (1). If red strings are used for the 6 sides and 2 of 
the diagonals, and blue strings are used for the remaining 7 
diagonals, then there is at least 1 blue triangle all of whose sides 
are diagonals. Similar interpretations are to be given to the other 
six cases. 


19-11 Each face of a cube is to be painted a different color, and six colors 
of paint are available. If two colorings are considered the same 
when one can be obtained from the other by rotating the cube, find 
the number of different ways the cube can be painted. [If the center 
of the cube is at the origin (0, 0, 0) the rotations are about the 
x-axis, or the y-axis, or the z-axis through multiples of 90°.] 


We can start with any one of the faces, say the top, and for it, 
we have a choice of 6 colors. We can then paint any one of the 
four side faces, say the front, and for it, there is a choice of 5 
colors. This makes 6-5 = 30 different ways the cube can be 
painted. 

Number the faces as follows: top #1, bottom #2, front #3, 
rear #5, right #4, left 46. If, instead of painting #1 and #3, we 
chose #1 and #4, the result would not constitute a different 
pattern since a 90° turn brings #4 into position #3. The same is 
true for faces #5 and #6. If, instead of the top, we choose the 
bottom, the pattern is not different since two 90° turns bring the 
bottom face into the top position. All other changes may be 
analyzed in a similar manner. 


19-12 An 8 X 8 checkerboard is placed with its corners at (O, 0), (8, 0), 
(0, 8), and (8, 8). Find the number of distinguishable non-square 
rectangles, with corners at points with integer coordinates, that 
can be counted on the checkerboard. 


It is just as easy (except for an actual count) to solve the general 
case of the n X n checkerboard. 
2 
The total number of rectangles is S$, = G ata + 1)) since, 
for each row and each column, there are rectangles 1 X 1,1 X 2, 


1 X 3,..., 1 Xa, a total of : n(n + 1) for each row and each 
column. 
The total number of squares Sp = 17 + 27 +-->+n7? = 


5 n(n + 1)(2n + 1) (see Appendix VII), since there are n? 
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squareseach 1 X 1, (” — 1)*squareseach2 X 2,...,2? squares 
each (n — 1) X (n — 1), and 1? square n X n. 
Therefore, the number of non-square rectangles is 


Ss = 8 — Sp = [3 nin + DP —2n@ + NQn +0 
= 5 — Ina + Gn + 2). 


Forn = 8, Sy = 5:7-8°9: 26 = 1092. 


19-13 A group of 11 scientists are working on a secret project, the 
materials of which are kept in a safe. In order to permit the opening 
of the safe only when a majority of the group is present, the safe is 
provided with a number of different locks, and each scientist is 
given the keys to certain locks. Find the number of locks, ny, 
required, and the number of keys, no, each scientist must have. 


The number of six-groupings of 11 items is (3 ys Therefore, 
) = 462 locks are needed. 


For any one scientist, his 5 companions can be chosen in (3 ) 
ways. Therefore, each scientist needs (2) = 252 keys. 
Following is an illustration with smaller numbers, say 4 
scientists with 3 present at any one time. Then (3) = 4 locks are 
needed. For any one scientist, his companions can be chosen in 
G) = 2 ways So that each scientist needs 2 keys. If we designate 


the scientists as S;, S., S3, and S4, then S,; can be provided with 
keys to locks 1 and 2, So, with keys to locks | and 3, S3, with 
keys to locks 2 and 4, and S,, with keys to locks 3 and 4. 

All four locks can be opened with $;, Sz, and S3 present, with 
S,, Sp, and Ss present, with S;,, S3, and S, present, and with So, 
S3, and S4 present. 


20-1 


20-2 


20-3 


20-4 
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If we define (2n + 1)! to mean the product (1)(2)G)- ++ (2n + 1) 
and (2n + 1)!! to mean the product (1)(3)(5)-°:(2n + 1, 
express (2n + 1)! in terms of (2n + 1)!. 

Qn + 1)! = (YG) Qn + 1) = POD nen te 
Since (2)(4)(6) +--+ (Qn) = 2(1)2(2)3(2)--+ (2), it follows that 
(2)(4)(6) «>> Qn) = 2°[0)@2)G3) +++ @)] = 2" - al. 

Therefore, (Qn + I = SEU. 


27-n! 


Ifa, b, ¢ are three consecutive odd integers such thata <b <c, 
find the value of a® — 2b? 4+ c?. 


METHOD I: Since 6 = ane 
2 ss 2 
a? — 2b? + c? = q? — 2(“F*) +c? = So. 


But c — a = 4 (Why?), “.@? — 2b? 4+ ¢c? = 


? 


METHOD Il: ¢ — @ = 4ande + a = 28, 

c? — 2ac + a? = 16, and c? + 2ac + a? = 467. 
By addition, 2(a? + c?) = 4b? + 16, 

a? +c? = 2b? + 8, and a? — 2b? + c? = 8. 


At the endpoints A, B of a fixed segment of length L, lines are 
drawn meeting in C and making angles a, 2a, respectively, with the 
given segment. Let D be the foot of altitude CD and let x represent 
the length of AD. Find the limiting value of x as a decreases 
towards zero; that is, find ass Xx. 

a 


2tane 2L 


xtana = (L — x)tan2a = (L—)jmama * = 3— tana 


Asa—0O,tanx—-0 ..limx = <L. 
a 70 3 


Find the set of integers n > 1 for which/n —1+ /n+ 1 is 


rational. 


If \/n — I is rational, letn — 1 = k?; then na + 1 = k? 4+ 2. 
But k? + 2 cannot be the square of an integer. (Why?) Similarly, 
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if we assume that n + 1 = k?, we find that \/n — 1 is not 
rational. 
Therefore, the required set is the empty set. 


Challenge 1 


Challenge 2 


Solve the problem for \/n — k + \/n + k where k is an 
integer such that2 < k < 8. 


ANSWER: Kk = 4,n = 5;k = 6,n = 10;k = 8,n = 17 
For what positive integer values of n is \/4n — 1 rational? 
ANSWER: None. (See proof below.) 

PROOF: Suppose \/4n — I is rational. We may express 
/4n — 1 as the fraction - , in lowest terms, with p and 
q positive integers. Then 4n — 1 = Zand (4n — 1)q? = p”. 


If g is even then q? is even. (See Lemma below.) 
Then p? is even so p is even. (See Lemma below.) Since 


F is in lowest terms this is impossible. 


If g is odd then q? is odd. Since 4n — 1 is odd, p? is 
odd and, p is odd. Let p = 2a + 1 and g = 26+ 1. 
Then (4n — 1)(46? + 464 1) = 4a? + 4a41, oF 
4n(4b? + 4b + 1) — 4b? — 46 — 1 = 407 + 404-1. 
When the left side of this equation is divided by 4, the 
remainder is —1. When the right side is divided by 4, 
the remainder is +1. Since this is a contradiction, 


the assumption that ./4n — 1 = is untenable. There- 


fore, \/4n — | is irrational for all positive integer values 
of n. 


LEMMA: If qg is even, that is g = 2r, then q? is even. 
Since g = 2r,qg? = 4r? = 2(2r?), an even number. 

If q? is even, that isg? = 2s, then g is even. Suppose g 
is odd, that isg = 2f + 1. Then g? = 447+ 4¢+ 1 = 
2(21? + 2t) + 1. Therefore, 2s = 2(217 + 22) + 1. The 
left side of this equation is even while the right side is 
odd. This is an impossibility. The assumption that g is 
odd is untenable. Therefore, g is even. 


20-5 The angles of a triangle ABC are such that sin B + sinC = 2 sin A. 


2 B Cc 
Find the value of tan 5 tan 5 


oe 


20-6 


20-7 
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a F . B Cc B-C 
sin B + sin C = 2sin + cos —> 


2sin A = 2sin [180° — (B+ C)] 
= 2sin(B + C) = 4sin 2 cos BEE 


cos 


2 2 
B-C_4,,,BtE 
cos —5— = 2cos —, 
B de sins sin = ee Deos = 208i 2 c 
cos 5 cos 5 + sin > sin 5 = 2 cos 5 cos 5 sin 5 COs 5 
oe Bo € B Cc B Cc 
3 sin 5 sin 5 = cos > cos 5; 3 tan > tan> = 
: B c 1 
--fan> tang =43 
D. pa eS eet h , th 
ecompose F = x —) into the sum of fractions wit 


constant numerators. 


Divisors of the denominator x(x — 1) are x3, x?, x, and x — 1. 


7x3 — x? —x —1 A B Cc : 
Lath ea ee eae be an iden- 


x(x — 1) 


x—1 

tity in x. 

Then 7x? — x? — x —1 = A(x — 1) 4+ Bx(x — 14+ 

Cx?(x — 1) + Dx? holds for all x. 

Let x = 0; then —1 = —A,A = 1. 

Let x = 1; then D = 4. 

Let x = —1; then —8 = —24 2B —2C —4,and B-—Ce= 
—1. 

Let x = 2; then 49 = 14 284 4C 4+ 32,and B+ 2C = 8. 


i 2 3 4 
Thus, B= 2andC=3.F = Gt+tatzit 


x-l 


On a transcontinental airliner there are 9 boys, 5 American children, 
9 men, 7 foreign boys, 14 Americans, 6 American males, and 7 
foreign females. Find the number of people on the airliner. 


The table shown is constructed as follows: 


(1) Enter 7 at the intersection of row B and Column F. 
(2) Enter 2 at the intersection of row B and Column A. 
(3) Enter 3 at the intersection of row G and Column A. 
(4) Enter 4 at the intersection of row M and Column A. 


(5) Enter 5 at the intersection of row W and Column A. 
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(6) Enter 5 at the intersection of row M and Column F. 
(7) Enter X at the intersection of row G and Column F. 
(8) Enter 7 — X at the intersection of row W and Column F. 


A (American) F (Foreign) 


Children B (boys) 2 7 
G (girls) 3 Xx 

Adults M (men) 4 5 
W (women) 5 7—X 

14 19 


The total is 14 + 19 = 33. 
NOTE: The number of foreign girls is not determined except to say 
that it can vary from zero to seven. 


20-8 Ifa and b are positive integers and b is not the square of an integer, 
find the relation between a and b so that the sum of a + »/b and 
its reciprocal is integral. 


Leta + Vb += = ms then ma + mV/b = (2? +6 +1) + 
2av/b. 

“my/b = 2av/b so that m = 2a, and ma = a? +641. 
2a® = ma=a®+b41..a7=6b641 


Challenge Solve the problem so that the sum is rational but not integral. 


1 — /b 
Let S=at+Vb+— 5 =04+Vb+55 55 SE 
_ &@—at+atavb — bb —- Vb. 
>. a*—b 


For S to be rational the numerator must be an integer, 
so that a? — 6 — 1 = 0; that is, a? = 6+ 1. But we 
have already established that when a? = b + 1, S is an 
integer. Therefore, the Challenge has no solution. 


20-9 Find the simplest form for R = VY14+J/-34 VI- vV-3. 


Let Ya + /—6 = V14+ V-3, with a > 0, b > 0. Then 
a— b+ 2iVab = 14+ i3 where i = /—1. Soa — b = 1 and 
2\/ab = +/3. Squaring each of the last two equations, we have 
a? — 2ab + 6? = 1 ()) and 4ab = 3 (ID. 
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By addition of (1) and (IT) we have a? + 2ab + b? = 4, so that 
a+ 6 = 2. (Why is the value —2 rejected?) 
We now solve the pair of equationsa — b= landa+b= 2 


to get a = 3 and b = 4, and, hence, I+V-3 = 34 
5° 

Ina similar manner we obtain +/ 1 — ./—3 3-4/3 - {-3 ;° 
Therefore, R = W14+/—3+ V1I-V-3 whe ps J-3 3+ 


ies ae, 


20-10 Observe that the set {1, 2, 3, 4} can be partitioned into subsets 
Ti {4, 1} and Tz {3, 2} so that the subsets have no element in 
common, and the sum of the elements in T, equals the sum of the 
elements in Ty. This cannot be done for the set {1, 2, 3, 4, 5} or 
the set {1, 2, 3, 4, 5, 6}. For what values of n can a subset of the 
natural numbers S, = (1, 2, 3,..., n} be so partitioned? 


The sum of the cia of S, is T, = zn(n + 1) Gee Appendix 
bie In order that = 5 Ts be integral, the canbe : [5 a(a t+ 1] = 
= t a(n + 1) must iy integral. Consequently, either 7 is a multiple 


ota orn + lisa multiple of 4; that is, eithernm = 4korn +1 = 
4k, where K = 1, 2,3,.... 
ILLUSTRATION: When k = 1, = 4 or 3. The case n = 4 is the 
favorable case given in the problem. The case n = 3 is somewhat 
trivial, namely, {1, 2, 3} with 7, = {1, 2} and T, = {3}. 

The two unfavorable illustrations given in the problem are, 
respectively, cases of n = 4k + landn = 4k +4 2 withk = 1. 


20-11 Suppose it is known that the weight of a medallion, X ounces, is 
represented by one of the integers 1, 2,3, ..., N. You have avail- 
able a balance and two different weights, each with an integral 
number of ounces, represented by W, and Wp. LetS = N+ Wy + 
Wo. Find the value of S for the largest possible value of N that 
can be determined with the given conditions. 

(For this problem we are indebted to Professor M. I. Aissen, 
Fordham University.) 
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Suppose W, = 2. If X < 2, then X¥ = 1. If X = 2, then X = 2. 
If X > 2, go to the next step. 
Suppose W, = 6. If X + 2 < 6, then X = 3. If X + 2 = 6, 


then X = 4. 

If X + 2 > 6, go to the next step. 

If X < 6, then X = 5. 1f X = 6, X = 6. 

If X > 6, go to the next step. 

If X < 64 2, then X = 7.1f X = 6 + 2, then 
X = 8. 

If X > 6 + 2, then X = 9, the largest deter- 
minable value. Therefore, N + W, + Wz = 
9+2+4+6= 17. 


20-12 If M is the midpoint of line segment AB, and point P is between 
M and B, and point Q is beyond B such that QP? = QA-> QB, 
show that, with the proper choice of units, the length of MP equals 
the smaller root of x? — 10x + 4 = 0. (A, M, B, P, and Q are 
collinear.) 


Since x? — 10x + 4 = 0, 

x? — 10x +25 = 21...56—x? =7°3,x=5-V21 
If we let QB = 3 and QA = 7 (Fig. $20-12), 

then BA = 4, BM = MA = 2. Represent MP by x. 
Then QP = (QB + BM) — MP = 34+ 2)- x. 


A M x 8 Q 
o——__.—_—__o—_________>—______0 
P 
$20-12 


The geometric relation @P? = QA - QB corresponds to the 
algebraic relation (5 — x)? = 7-3 

QP = QM — MP corresponds to 5 — x so that MP = x = 
5 — V21. 


20-13 Consider the lattice where R; is the i-th row and C; is the j-th 
column, i, j, = 1, 2, 3,..., in which all the entries are natural 
numbers. Find the row and column for the entry 1036. 

The initial entry in Ry+1 is 5 n(n +1+ 1,2 = 0,1, 2,3,..., 
and the number of entries ism + 1; R; contains the single entry 1. 
(See Fig. $20-13.) We therefore set 1036 = 5a(n + 1) + 1 from 
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which we get n? + n — 2070 = 0. Solving by factoring, we have 
(2 + 46)(n — 45) = 0 so that 2 = 45. Hence, the initial entry 
Rag is 1036 so that 1036 is at the intersection of row 46 and 
column 1. 

In the case of an entry such as 1036, we successfully, and 
fortunately, found a positive integral root for the equation in- 
volving x. Is this the case with an entry such as 212? 


$20-13 


Following the procedure used before, we set 212 = 
5 n(n + 1) + 1. From this we get 1? + n — 422 = 0, and this 


equation does not have a positive integral root. However, we do 
find that 20 <n < 21. Since the initial entry for Ro; is 


5 (20)(21) + 1 = 211 and the initial entry for Rog is 5 (21)(22) a 


1 = 232, we see that 212 is at the intersection of row 21 and 
column 3. 


20-14 Express P(c) = c® + 10c* + 25c? as a polynomial of least 
positive degree when c is a root of x® + 3x? +4=0. 


METHOD I: Since c is a root of x? + 3x? + 4 = 0, we have 
c? + 3c? + 4 = 0 (1). We multiply (1) successively by c, c?, and 
c* to obtain c* + 3c + 4c = 0 (ID), c5 + 3c* + 4c? = OID, 
andc® + 3c> + 4c? = O(IV). From (1) we havec? = —3c? — 4 
(V), and from (II) we have c* = —3c* — 4c (VI). Substituting 
(V) into (VI), we get c* = 9c? — 4c + 12 (VII). From (III) we 
get c? = —3c* — 4c? (VID so that c° = —3lce? + 12c — 36 
{after substituting (VID into (VIID]. Finally, by similar opera- 
tions, we get c® = —3c*% — 4c? = 105¢? — 36c + 124 (IX). 

The sum of (IX) and 10 times (VIJ) and 25c? is, therefore, 
c® + 10c* + 25c? = 220c? — 76c + 244. 
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METHOD II: P(c) = QO(c)(c? + 3c? + 4) + R(c) where Q(c) is 
the quotient obtained when P(c) is divided by c? + 3c? + 4 and 
R(c), of degree less than 3, is the remainder. But c? + 3c? + 
4 = 0. Therefore, P(c) = R(c), which is found by actual division 
to be 220c? — 76c + 244. 


20-15 Let § = 29 tPF DWM Mt rye foe trax” be an 


identity in x. Express ft, in terms of the given b’s. 


Multiply both sides of the identity by 1 — x. 
bo + byx fet fbx” = ro beryx t rox? +++ + yx” 

= Fox — yx? — 2+ = ry x” — ryx"t! 
.-Fo = bos 11 — ro = 6; So that r; = bo + bj, and so forth. 
m=b6 +th4+-''+b 


20-16 Find the numerical value of the infinite product P whose factors 
are of the form — , where n = 2,3, 4,.... 
n? — 1 = (n — I(r? +2 + I and 
n?+ 1 = (n+ in? — n + 1) (See Appendix VII.) 
2 17, 2-13 3-210 (@— DU? +n+ 1) 
3-3 4-7 §-13 (a + 1f(a? — an + 1) 
n(n? + 3n + 3) (a + 1)(n? + Sa + 7) 


. te 


(a + 2yn? +e 41) (2 + 3)(n? + 3a 4+ 3) 


Every factor in the numerator is matched with an equal factor in 
the denominator, with the exception of 1 and 2 in the numerator 
and 3 in the denominator. 


Therefore, P = F , 


V/2 

1 + 5W/2 + 74 
METHOD I: Let r = 1 + 572 + 7V/4. 

(r— 1)? = 6W2 + 774) 
r? — 3r? 4+ 3r — 1 = 250 + 1050V2 + 1470V4 4 1372 
1622 + 210(5W/2 + 7V/4) 
1622 + 210(r — 1) 
1412 + 210r 


20-17 Express F = with a rational denominator. 
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r3 — 3p? — 207r = 1413, r? — 3r — 207 = 48 
1 A =3r—207 _ lr — 3) — 207 
ro 1413 a 1413 

— U+5V2 + W4(-2 + 5W2 + TW4) — 207 

1413 
_ 23 + 31/2 + 6/4 
471 
V2 -BY2431W4 +12, 


Therefore, F = = rom 


METHOD II: In this method we use the identities 
m> — n® = (m — n)(m? + mn + n”) and 
m? + n? = (m+ n)(m? — mn + nn”). (See Appendix VII.) 

Start with trinomial 1 + ax + bx®, with x = W2. Then 
(1 + ax + bx?) — ax) = (1 — abx*) — (@? — b)x? = c — dx? 
where c = | — abx? and d = a? — b are both rational. 

Since c — dx? is still irrational, we apply the method a 
second time. (c — dx”)(c? + edx? + d?x*) = c? — d'x® a 
rational expression. 

In the given problem, a = 5, b= 7, c = —69, d= 18, 
c? = (—69)?, cdx? = (—69)(18)W/4, d?x* = (18)7(4?). 
F is rationalized by multiplying the numerator and the de- 
nominator by (1 — 5~2)(69? — 69 - 184 + 18? - 47) or, 
more simply, by (1 — 5~/2)(23? — 23 - 67/4 + 67-47), where 
the second factor was divided by 3? = 9. 

With these operations performed correctly, we obtain the 
value of F shown in Method I. 


= v2 ' , . 
Challenge Express F = Tiwi with a rational denominator. 


This can be done by Method I or by Method II, but also 
by a specialized method resulting from the fact that 
1+ W2+ V4 isa geometric series. 


Since 1 + V2 4+ W4 = ae = we" 
v2 : 
F= = V4— V2. (See Appendix VII.) 
Ww -1 


20-18 Starting with the line segment from 0 to 1 (including both end- 
points), remove the open middle third; that is, points ; and ; of 
the middle third remain. Next remove the open middle thirds of 
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12 78 
1 2 979° 9°9 

3 and ;) . Then remove the open middle thirds of the four segments 


the two remaining segments ( points remain along with 

remaining, and so on endlessly. Show that one of the remaining 
; wd 

points is 7° 


3 é : ee | : 
In succession, starting with the point =, we have intervals repre- 


yee | 1 1 I 1 
sented by the sums s, of the series; — 9 + 55 —g, t'°° +353 


F 1 1 1 
that is, 5; = 32 S2=375> and so forth. 


i 3 _1 
ee or ae ee ae 
Expressed in the base 3, the number is : — Pe = ; + = plus 
4-4 = 24 Z plus..., or 020202... (base 3) or 
(base 3). 


COMMENT: The set of points formed from the closed interval 
[0, 1] by removing first the middle third of the interval, then the 
middle third of each remaining interval, and so on indefinitely, 
is known as the Cantor Set, and also the Cantor Discontinuum. 
It has unusual and interesting properties. 


20-19 Write a formula that can be used to calculate the n-th digit an 
of N = .01001000100001 . . . , where all the digits are either 0 or 1, 
and where each succeeding block has one more zero than the 
previous block. 


The digit ‘1’? appears in positions 2, 5, 9, 14, .... To find a 
formula for generating this sequence, we may proceed as follows. 
The first differences of successive terms in the sequence are 
3, 4,5, ..., that is, 5-2=3,9-—5=4 14-—9=5,... 
and the second differences are 1, 1,1,.... 

Since the second differences are constant, we try the formula 
Ak? + Bk+C, k = 1,2,3,.... 
When k = 1 we have2= A+ BHC. 
When k = 2 we have 5 = 44+ 2B4+ C. 
When k = 3 we have 9 = 9A 43B4C. 
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F 4 ‘ A 1 
The common solution of this set of equations is A = 32 B= : > 
k 


C= 0. Therefore, the generating function is lye + 3 
2 2 
ka 25 3 yovit 
1 3 
= ~k2 pe = 2 edt 
1 whenn 5k +5kk 1, 2, 3, ; 


Therefore, a, = { . 
0 otherwise. 


Challenge Find a, the n-th digit, of M = .101001000100001.... 
METHOD I: Use the method shown above. 
METHOD II: The digit “1°? appears in positions 1, 3, 6, 
10, ..., but these are the triangular numbers 7), T2, T3, 
T4, .... (See Appendix VII.) 

1 whena = 5H + 5k k = 41,2,3,...;3 


Therefore, an = : 
0 otherwise. 


ANSWERS 


1-1 


3 Challenge 1: 4 Challenge 2:7 

See solution. 

See solution. Challenge 1: At least one box with 3 or more 
letters Challenge 2: At least one box with 3 or more letters 
Challenge 3: At least one box with 4 or more letters 

Challenge 4: 26 

See solution. Challenge 1: See solution. Challenge 2: 4 
Challenge 3: 4 


192 m.p.h. 

n=9 Challenge: n = 7 

1:06 P.M. 

143 hours Challenge 1: 9% hours Challenge 2: 1:06 A.M. 


3 
54 Challenge 1: 70 
120 Challenge: 248 oz. 
Plan I yields $200 more. Challenge: For the 5-year interval, 
earnings are the same. 
See solution. 
n—1 


(fa) L=jtn-1 () M=jH+ 2 for odd n; M=j+ 
5-1, orj+ 5 for even n Challenge 1: (a) S=j—n+1 


(b) M = j — "5+ for odd n; M=j-5+1, or j — 5 for 
even 7 Challenge 2: (a) L=jt+2n—1) (b+) M= J+ 
n—1 for odd n; M=j+n-—2, or j+n for even n 


Challenge 3: Same answers as for Challenge 2 Challenge 4: 


. , 3 op Bly Md 
Ya ay ede © eee ee 2575 2 


1-15 


1-16 


1-17 


1-18 


2-6 


2-7 
2-8 
2-9 


2-10 


2-11 
2-12 
2-13 
2-14 
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jx — y| = max(x, y) — min(x, y) Challenge 1: Yes Chal- 
xty_ |x—-yl 
2 2 
@) x= xt—x7 @) fxf=xttarm © xt = F(x tx 
= 1 

(a) x- = 5(\x| — x) 

l or 0 Challenge 1: (a) 2y — 1 or 2[y] (b) —2[y] or 1 — 2y 
Challenge 2:(a)F = 1 (D)O< F<1L@1<F< ow Chal- 
lenge 3: (a) D = 0 (b) D = Oorlor2 (c) D = Oorl or2 or 3 


or4 Challenge 4: x = 35 Challenge 5: (x + y) = (x) + 


(y) when (x) + &) < 1, @ + y) = @) + &) — I when (x) + 
(y) 21 


4:215 Challenge 1: 7:540. Challenge 2: 5:17 25 
Challenge 3: a hours 


enge 2: min(x, y) = 


44.25 Challenge 1: AS Challenge 2: 42.5 Chal- 


12 
lenge 3: (a) 4.2 or (b) 4.3 Challenge 4: (a) ae (b) oe 
7 a+2 atl 
Challenge 5: 1 Challenge 7: 70; 
4|A.M.| Challenge: No change. 
No Challenge. No 
n= 40 Challenge: Set m = —n in order to solve. 


(a) 6 (b)4 ©)3 @4 (2 Challenge: (a) 5 (b) 8 (See 
solution.) 

24 Challenge: 4 

18 Challenge 1: 9 Challenge 2: 14 

8 possibilities (See solution.) Challenge: 8 possibilities (See 
solution.) 

k=8 Chailenge 1: 25 Challenge 2: 7 Challenge 3: 
60 days 

0 or 4 Challenge: Only 1 

Even integers (See solution.) 

m, = 2,m2 = 3,m3z = 1 Challenge 1: See solution. 

—7 Challenge 1: 8 Challenge 2: —23 
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2-15 
2-16 
2-17 
2-18 
2-19 
2-20 


2-21 


3-1 


3-2 


3-4 


3-5 


1 or —1 Challenge 1: —7 Challenge 2: m® + 1, m® + 1, 
m+ 1 


N = 51,051, or 69,069 

No 

24; 93,324 

k = 1, 2, 19 Challenge: k = 3,8 


r when r is odd, 27 when r is even Challenge 1: 2r when r is 
odd, 7 when r is even Challenge 2: r when r is odd 
Vn 


Ye = X, Yioo = xX Yso1 = at ; Challenge 1: 2 Chal- 
lenge 2:3 Challenge 3: Undefined Challenge 4: Undefined. 
(a) 5182 — 2s, — 252 + 4 (b) 25) + 2s. — 4, or 2[(s; — 1) + 
(so — 1] ©) 5152 Challenge: NW) = s* — 4s + 4, N(B) = 
4s — 4, N = s*, where s is the number of lattice points in the 
side of the square: 

The change in the value of p is 13.5 mm. (decrease). Challenge: 
715 mm., 760 mm. 

$1.65 Challenge 1: $1.85 Challenge 2: $2.05 Chal- 


lenge 3: See solution. 
1 ee 
6 oe Te eae Challenge 1: x = ——~“~z, y = V2, or 


—3/2 
nie ev? =-/2 ~ Challenge 2: x = et y = 1, and 
x= {y= a 


n= 12 Challenge: n = 6k — 1, k = 1, 2, 3,. 


I : at+ob = 
33; Challenge: 100 — 100 (1 + 3." + ) 


x= 5 Challenge 1: p > m ee 2: Fixed over- 

head (expense) Challenge 3: x = mai Challenge 4: 
= aoe Challenge 5: b dollars 

60% Challenge 1: 50% Challenge 2: 665 % 

nying = 1:2 Challenge: See solution. 

See vice 

xX=5 3 (a +5) Challenge 1: x = 5 Challenge 2: x = ; 


Challenge 3:x = —lorl Challenge 4: x = 5 or; Chal- 


3-13 


3-14 


3-15 
3-16 


4-1 
4-2 


4-3 
4-4 
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lenge 5: x = ; Challenge 6: x = 2 or : Challenge 7: 
x =Oor2 

Smith and Jones cannot get together. Challenge 1: 65 days 
for first reunion 

No Challenge 1: (a) No (b) Likely, but there is no certainty. 
Challenge 2: One possibility is 1 quarter, 2 nickels; a second 
possibility is 1 dime, 2 nickels. 

12 ways Challenge: Yes 

3 ways 


See solution. 

0 Challenge I: 1 Challenge 2: 0, 1, 2 Challenge 3: 1, 
2,3 

See solution. Challenge I: 11 Challenge 2: 19 

All bases b > 4 Challenge 1: 111 (base 4) Challenge 2: 12 
See solution. 

9 Challenge 1: Yes, Yes Challenge 2: 495 

110.11 (base 2) Challenge 1: 10011.10101 (base 2) Chal- 
lenge 2: No (See solution.) 

r=9 Challenge: r = 6 or 10 

BC1, 0), DC.01, 0), £(.02, 0) Challenge: C(.2,0), F(21, 0), 
G(.22, 0) 

See solution. Challenge 1: Eighth Challenge 3: See solution. 


The empty set Challenge: The empty set 

x = 3, y, any real value except 32; or x, any real value, y = 4 
Challenge: y = 1, x, any real number, or x = 3, y any real value 
except 35 or : 
3-2/2 <x<3+2V72 ~~ Challenge: b-a=6 


x=1 Challenge: x = Z 


3 
a>3,b=2 Challenge: a < 3, b = 2 
N = 35k + 16,k = 0,1, 2,3,... Challenge 1: N = 35m + 
22,m = 0, 1, 2,3,... Challenge 2: See solution. 
20 Challenge 1: p = = ,;S=at 2 Challenge 2: p = 


rire 


— (6), s=a+—X (0) 


rive —- rife — 1 


244 ANSWERS 


5-8 a seconds 
§-9 x = 12,y = 3 Challenge: Yes 


11 13 3 

5-10 { -5} Challenge 1: {-=} Challenge 2: {—a _ >} 

5-11 Least possible, 17; largest possible, 19 Challenge 1: Smallest 
combination, 6-6-6 Challenge 2: Smallest combination, 6-6-6 
Challenge 3: See solution. Challenge 4: See solution. 

5-12 Questionable answer: 3 item A, 2 item B, 15 item C (See solution.) 

5-13 8, 16, 3, 48 Challenge 1: 6, 12, 3, 27 Challenge 2: 6, 10, 
4, 16, 64 

5-14 65 miles 

5-15 200 miles 

5-16 25 f.p.s. 

5-17 x = 12 

5-18 113, 223 Challenge: 17, 31, 53 

§-19 5:20 P.M. Challenge 1: 4:48 P.M. Chalienge 2: Change x 
to Challenge 3: The professor i is right. 

5-20 z=kw,y=zt+wex= zt+=, w an integer, A = +1, +2, 


. Gee solution.) 
5-21 See solution. 


6-1 21 Challenge 1: 36 Challenge 2: See solution Chal- 
lenge 3: f(10) = 55, f(100) = 5050 Challenge 4: n=9 
Challenge 5: n = 2 

6-2 (a) f(n)=1—n b)f(@=nt+l Of @)=1—2n 
@)f(iny=n+5 ©f(=n—F Challenge: f(n) = 2n—3 

6-3 5, 12, 13 Challenge: 5, 12, 13 

6-4 4, 3; 5, 3; 5,4 

6-5 [o, 5 | Challenge: See solution. 


6-6 20 
6-7 4n 


6-8 5(n? +n + 2) Challenge 1: s+ rtN+keth 
Challenge 2: 5n(n + 1) Challenge 3: (kit Ike + 1) 


7-1 
7-2 


7-6 
7-7 
7-8 
7-9 
7-10 


Answers 245 


Challenge 4: ky + ko + 1, kike + 2(ky + Ko + 1 Chal- 
lenge 5: i (n? +n— 2) 
32 Challenge: 24 


k= 

AO ee 2 

21 

37 

3k? k? A 
6 Challenge 1: 12 Challenge 2: See solution. 
See solution. 

190 

See solution. Challenge: See solution. 
x=Ily= —-2 


n= 2andn = 3 


ee a ae 30° 2 = — 30 
7-12 x = 39> ¥ = 5 Gee solution.) 
7-13: maximum 17, minimum 5 
7-14 10 item A, 30 item B, 60 item C 
8-1x=—3 
8-2 (a) 2, —2 (b)2 Challenge: (a) none (b) — 
8-3 (a) 18 (b) oS possbilty is Py (0, 5), P2 (2, 7); a second possi- 
bility is P, (5+), Po (5+ 5). 
8-4 7 Challenge 1: 14 “Challenge 2:3 Challenge 3: 6 
8-5 3 Challenge: 3 
8-6 All integral values of x and p Challenge: Same answer 
8-7a+b+c=0 Challenge: The only solution is a = 6 = 
c= 0. 
8-8 (x + yx —- 2y— 1) Challenge 1: (x + y + I(x — 2y — 3) 
8-9 36 
8-10 See solution. 
8-11 See solution. 
8-12 No Challenge: Yes 
8-13 See solution. 
8-14 17 


8-15 f (minimum) occurs when mx = ny; that is, when x:y = nim. 
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9-1 


9-2 


9-4 
9-5 
9-6 
9-7 


9-8 
9-9 
9-10 
9-11 


10-1 


L=l1, S=5 Challenge: The result is not unique, but 
L = 24, S = 8 seems most reasonable. 

No. solutions in integers Challenge 1: x= 12, yp=5 
9 buses, 14 cars each with 32 persons Challenge: 15 buses, 
21 cars each with 33 persons, 1 car with 23 persons; a second, less 
satisfactory, answer is 9 buses, 21 cars each with 21 persons, 1 car 
with 11 persons. 

Ig, 2d, 2n, 45c, and 2d, 8n, 40c Challenge: 2d, 8n, 40c 

37 solutions Challenge: 33 solutions 

48 by 60, 40 by 72, 36 by 80 

a= n(n + 1, where n = 0, 1, 2,..., or a= mm — 14+ 1, 
where m = 1, 2, 3,... 

20 gallons 

2n — 1 solutions, where n is the number of positive divisors of p?. 
3A —9 

See solution. 


10 Challenge: 55 


10-2 fxt)=f/(x«-) Challenge I: Yes Chailenge 2: 


10-3 


10-4 
10-5 


10-6 
10-7 


10-8 
10-9 


10-10 


10-11 
10-12 
10-13 
10-14 


I — f(x -— 1) Challenge 3: f(x +n) = 1 — f(x — 1) when 
n is even, and f(x + 1) = f(x — 1) when n is odd. 
(a) ac = 1 and ad + 6 = O (b) See solution. Challenge 2: 
ac = landad—b=0 
Zero Challenge: Zero 
N(max) = kV, where k is a positive constant (See solution.) 

3 
Challenge: N(max) = kV2 

2: 

S= f Challenge: T = Ee 
No such values (See solution.) Challenge 1: m = 3, n = 2 
Challenge 2: m = 5,n = 2 
x = lor2 Challenge:O< x<lorx>2,1<x<2 
Zero Chalienge: See solution. 


x=<V73—1 Challenge l: —\/3 —1 Challenge 2: wet 


1 1 1 
Challenge 1: Vi Challenge 2: 4 Challenge 3: i 


a 
n22°- Challenge: n-3"—!, n-a™—! 

f= x? ~~ Challenge 1: f= (x+1)? — Challenge 2: 
f 
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P>8 

x = 32, y = 27 Challenge 1: x = 32, y = 27 

Challenge 2: x = 45, y = 38 

No (See solution.) 

—Il<x<landx>I Challenge: x > 1 

(6,6,1), (6,5,2), (64,3), (5,5, 3) Challenge: (7,7, 1), 
(7, 6, 2), (7, 5, 3), (6, 6, 3), (6, 5, 4) 

183 years Challenge: 18; or 133 


A=n+1l 

R, is the set of real numbers, Re is the empty set. Challenge: 
Same answers 

See solution. Challenge: See solution. 

V10! > V9! 

x > 5.76 Challenge: x > 12.005 


"= 2 (See solution.) 


11-13 4? = 16 Challenge 1: When a, = ag = a3 = 4% 


12-11 
12-12 
12-13 
12-14 
12-15 
12-16 


12-17 


.1 (base 9) Challenge 1: 11... Challenge 2: 14 
x= 3+ 5kor4 + 5k, wherek = 0, +1, +2,... 
Challenge 1: x = 4+ 10k or x = —2 + 10k Challenge 2: 
x= 5+ 17k orx = —3 +4 I7k 
8, 2, and 4 Challenge: Yes 
Only forn = 1 Challenge: Same answer 
y = (a, 5); that is, y is the greatest common divisor of a and b. 
Challenge: Yes 
a(x) = 1 — x*, B(x) = x? +4; or a(x) = x? — 1, BD) = 
—(x? + 4) 
=9 
.20462046... (base 7) Challenge I: .25412541 ... 
Challenge 2: .333 
See solution. 
See solution. 
x € S where S = {0,—2, —1, 3, 6, 14} Challenge: x = 19 
Vn 
See solution. 
N = 615,384 Challenge: N = 820,512 
N = 76 (N = 00 is a trivial solution.) 
= 6 Challenge: b = 4 


8 8 
rs Challenge: — 3 
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12-18 An infinite number of solutions, with y = +(x? + 3x + 1) and 
x any integer Challenge: An infinite number of solutions, with 
y = &(x? + 5x + 5) and x any integer 

12-19 (x? + 2x + 5)\(x? — 8x + 20) — Challenge: (x? — x + 5) X 
(x? — 9x — 4) 

12-20 (ac + bd)? + (ad — bc)”, (ac + bd)* + (bc — ad)’, 
(ac — bd)? + (ad + bc), (bd — ac)? + (bc + ad)? 

12-21 8 (See solution.) Challenge: None 

12-22 N = 640... OQwith» zeros, wheren = 0,1,2,... Challenge: 
N = 960...0 

12-23 133 Challenge 1: 57 Challenge 2: See solution 

12-24 x = 3a, where a = 0, 1,2,... 

12-25 A = B+ C + mBC, where m is an integer 

12-26 See solution. 

12-27 R= 2 

12-28 b ¥ 4n + 3, wheren = 0,1, 2,... 

12-29 See solution. 


13-1 7 = 3 Challenge: r = iP 


13-2 a (min) = 361 Challenge 1: C = 237 Challenge 2: 
C = 240 — 3k, where k = 1,2,3,... 

13-3 $1.50 Challenge 1: 6000 Challenge 2: $9000 
Challenge 3: $2.00 

13-4 1:2 Challenge: Same answer 

4 

13-5 V3 

13-6 P is 5 miles east of B. 

13-7 s = 12 Challenge: s = 1 


13-8 (a) Py = L, Pp = Oor Py = 0, P2 = L(t) P; = Po = 5 
3 
13-9 5 Challenge: = 


13-10 x equals the arithmetic mean of ky + ke +:°°* + kn. 
13-11 2c + 1 
13-12 See solution. 


13-13 2? 


14-1 x = 3 Challenge 1: x = 3 Challenge 2: x = 3 or 8 

14-2 All real values of A and k except h = k = 0 Challenge: 
(ayh>k bhk<k 

14-3 b=c=1 Challenge: b = —2,c = 1 
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6? m n im in\2 
1g Tt 2+ = (Vat ys) 
14-5 When p = 20, x = 10 + 4/5; when p ¥ 20, x = —1 (See 


solution.) 
14-6 c= "51, p= —" 
14-7 See solution. Challenge: ry + ro + rg = —b3ryre + rors + 
rah, = Cy Vylolg = —d; S3 + 5S + cS, + adSo =0 


14-8 C = 90 Challenge 1: C = 110 Challenge 2: C = 110 


2 2 
14-9 5 — 7 q= e + = Challenge l:u =v = 1 Challenge 2: 
(eo 3“, where i = /—1 
14-10 None (See solution.) Challenge 1: n = 4,m = 6 Chal- 
lenge 2: n = 2, m = 3 
14-11 2B? — 9ABC + 27A2D = 0 Challenge: B*D — AC* = 0 
14-12 See solution. 
14-13 See solution. 


OO w 


15-1 M = X= 5,3 == 

15-2 x, any real number, y = 3x — 5a + 2c, z = —2x+ 3a— , 
where 3a + 6 —c=0 

15-3 p® = 3, x:y = —2:1 

15-4a+b+c¢=0 

1§-§ a:b:c = 3:—2:—1 

15-6 No finite solutions Challenge: x = 3, y= 1 

15-7 x, any non-negative real number, y, any non-negative number, 


z=i@-4x— Sy), where b — 4x — 5y > Oand2b =a+ec 
15-8 No = 16, Ny = 18, N = 24 


16-1 Infinite Challenge 1: None (parallel lines) Challenge 2: 
One point (1, 3) 

16-2 ¢ Challenge 1: Yes Challenge 2: Yes 

16-3 (a) f = x + 2 withO < x < 3 (b) f = —3x 4+ 14 with 
3<x<4 

16-4 m = 210 Challenge 1: 


c:b2 — Cobh a1C2 — 42C1 


hoe 48 aib2 — arb, + bs aibe — ach, 


Challenge 2: Formula of Challenge 1 inapplicable since a,b. — 
agb; = 0 
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16-5 
16-6 
16-7 


16-8 
16-9 
16-10 


16-11 
16-12 


16-13 
16-14 


16-15 


17-1 
17-2 


17-3 


17-4 


17-5 


17-6 
17-7 
17-8 
17-9 
17-10 


The non-negative portion of the y-axis Challenge: The non- 
positive portion of the y-axis 


4x? — 29 =0 

a, = 2,a, = 1 Challenge 1: az = 3, a, =; Challenge 2: 
_ Od + 2? _ _ Qc +3) hee Feet OE 

ead Pot ot ee ae gt =~ aS 


18 miles Challenge: 3 hours 


y= 5 mx?, x>0O Challenge: y = x(1 + V1 + 4m), 
x>o0 

y = x + 3 (See solution.) 

bo | Challenge: X = 14+ 3 or y= 
Seesolution. Challenge 1:25 by 18 Challenge 2: L’ = 5 W, 
W’ = 2L 

See solution. 

See solution. Challenge 1: See solution. Challenge 2: See 


solution. 
Sin = 2:1 


00 Challenge 1: 02 Challenge 2: a 

2f) fla + 2) 1 i 7 
f@+De= fim +fartD with sD = 7 ce 8 Chal: 
lenge 1: Same formula with f(1) = ;, fQ) =< Challenge 2: 


Same formula wih fa) =! f@) = 2 
(a) D = h(t+*) () T= ad ae 


eee 


Challenge: Da = 


See solution. Challenge: (a) a1, G2, 44, 4g, and Gg, a4, Ag, A216 
(b) a1, ao, a4, Ag, 216 
d= RB Challenge 1: d = 12 Challenge 2: n = 3,d = 69; 


the third term is 141 = 47n. 

n°? Challenge: See solution. 

Zero Challenge: n=r+s—lorn=rc4+s 

See solution. 

r = 2, a is arbitrary. 

d < 10 (degrees) Challenge 1: d < 6 (The value obtained is 


' 720 
5 - Challenge 2d< ata — 1) 
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2 
7-11 1-5 + (¢) 
17-12 5; that is, > 5 Challenge 1: n > 10 for x = 5, > 3 for 


x= Challenge 2: n > 4 for x= —4, 29 for x= 
— - n> 3forx = — : Challenge 3: See solution. 

17-13 S = s=ve Challenge: See solution. 

17-14 75 Challenge: arbitrary 

17-18 4, > V3 Challenge 1: \/3, V3, V3, ..- Challenge 2: 
ga 


17-16 S = jn%(n + 1(5n+1) Challenge: S = n?Qn? — 1) 


17-17 mn = S(m + n) — SQn) — Sn) 
17-18 a4, = 39 
17-19 See solution. 


17-20 (a) 5 (1? — n + 2j) (b) 3 nCQni — n + 1) © 3m? + 1) 


17-21 P=1-—x,Q@Q=1+x Challenge 1: S = 4 when x = 5, 
S = 3 when x =} Challenge 2: P= 1t—x,Q=1+4+%x 
1 
17-22 j= 3 
17-23 S= 7’; Challenge: lim S = 2 
17-24 1 
R it 
17-25 S, = oar Challenge 1: S, = ree Challenge 2: 
n 
Sp = at (See Problem 9-23.) 
17-26 = C+ rylar — an) 


21 — r) 
17-27 See solution. 


17-28 n = 1055 (days) 

17-29 S, = 2+ —1):2"*! Challenge 1: S, = 7B + Qn — 1) 
3"t1] Challenge 2: S, = a4 + Gn — 1)-4"Fy 
Challenge 3: S, = = [5 + (4n — 1)-5"*+)] 


17-30 See solution. 
17-31 S, =(n + 1)! - 1 
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18-1 x = logig2 ~ .3010 Challenge: y = as 


18-2 (a)x > Oorx < —2(B)0<x<4 Challenge: (a)x > 2or 
x<O0b)-4<x<0 
18-3 f=l+x,g=1+y Challenge: f=1—x,g=1-—y 
18-4 x = (ab)~! 
(232 « 12)? 
18-5 S, = logy 25! Challenge: T, = logy —35,-— 


E Challenge: ‘ + ; =e 


19-1 5 3 
19-2 (.9)4 = .6561 Challenge: .4096 
19-3 3 games out of 4 Challenge: 3 games out of 5 
19-4 See solution. Challenge: Yes 
19-5 n= 8 Challenge I: n = 9 Challenge 2: Impossible 
19-6 462 (See solution.) 
19-7 37-cent loss 
19-8 N=r-+rs-+ rst 
19-9 16 
19-10 See solution. 
19-11 30 
19-12 1092 (See solution.) 
19-13 Ay= 462, i2 > 252 


20-1 (2n + HH = St 
20-2 8 Challenge 1: No change Challenge 2: No change 
20-3 =L Challenge: > L 


20-4 The empty set Challenge 1:k = 4,n = 5;k = 6,n = 10; 
k=8,n=17 Challenge 2: None 


20-5 3 

1 a. 3 4 on ae | 8 
20-6 F=5+G+its25 Challenge: F= —-5-2+—55 
20-7 33 
20-8 a? =6+1 Challenge: No solution possible 


20-9 R=./6 ~~ Challenge 1:\/—2 — Challenge 2: 2\/c,2\/—d, 


where at 8g eet 
20-10 n = 4k orn+ 1 = 4k, where k = I, 2,3,... 
20-11 S= 17 


20-12 See solution. 
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20-13 Row 46, column 1; row 21, column 2 
20-14 P(c) = 220c? — 76c + 244 Challenge: P(c) = 170c? — 
76c + 244 


20-15 ry = bo + bi + bp +++ bn Challenge: } (n + 1Y(n + 2) 
20-16 P = 4 


pe Me he +a +12 Challenge: 4 =~? ; V2 Vi V2 


20-17 F= 

20-18 See solution. 

20-19 a, = 1 whenn = 3k? + 3k, where k = 1,2,3,...3;4a, =0 
otherwise Challenge: a, = 1 when n = +k? + Sk, where 


k = 1, 2,3,...3 a, = 0 otherwise 
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APPENDIX I Terminating Digits 


For any natural number n, n° tpn; that is, the terminal digit of n° is 
the same as that of 7 itself. 
Proof 
(1) Certainly it is true that 1° 1p f. 
(2) Assume that & is the largest value of » for which the theorem is 
true; that is, assume that k° tp k. 

Then (k + 1)° = k® + 5k* + 10k? + 10k? 4+ 5k +1. 
Whether & is even or odd, the terminating digit of 10k? + 10k? is 0. 
Now consider 5k* + 5k = 5k(k® + 1). If k is even, then the terminat- 
ing digit of 5k(k*® + 1) is zero. If k is odd, then k? is odd and k? + 1 
is even. Therefore, the terminating digit of 5k(k* + 1) is 0, whether 
k is even or odd. It follows that the terminating digit of (k + 1)° is 
the same as that of k® + 1. But, by assumption k* tp k. Therefore, 
(kK+ 15 twk 4+ 1. 
(3) We now know that, no matter what the value of k, the theorem is 
true for the successor of k; that is, the theorem is true for all natural 
numbers n, since it is true for kK = 1. 

It can also be shown that n*”+! 1p n, when m = 0, 1, 2,.... 


APPENDIX If Remainder and Factor Theorems 


If a polynominal P(x) = x* + cyx™~! +++ + cn—ix + Cn is di- 
vided by x — a until no x appears in the remainder, the remainder has 
the value P(a) = a® + cya™~ 1 +--+ + em. 

For example, if P(x) = x? — 2x? + 3 is divided by x — 1, the 
remainder is P(i) = 1 — 24+ 3 = 2. 
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Proof 
P(x) = QO(x)(x — a) + R, by the definition of division; R is a con- 
stant. We have, upon substituting a for x, P(a) = 0 + R; that is, the 
remainder equals P(a). 

If R = 0, the division is exact and x — a is a factor of P(x). 
Conversely, if x — a is a factor of P(x), then R = 0, and the division 
is exact. 


APPENDIX It Maximum Product, Minimum Sum 


Let S = a+b, where S is a constant and a and 6 are positive 


2 2 
numbers. Let P = ab. Then P(maximum) = (- +*) ame 


4 
Proof 
Since S = a+6,b = S—a...P = a(S — a) = Sa — a’. 


2 2 . s\2 
=F -(@-Sat+F = =—(a—-3) . The largest value of 
4 4 4 2 
S? Ss s s 
P, namely > occurs when a = > and when a = ae then b = 5° 
S? b\2 
Therefore, P(max) = [ = (+) : 


Let P = ab where P is a constant and a and 5 are positive numbers. 
Let S = a+ 8b. Then S(minimum) = 2V/ab = 2/P. 


Proof 

(Va — Vb)? > 0, ..a+ 6 > 2Vab. The equality sign holds only 
when Va = Vb 6, ee when Va = Vb, then a= b. Therefore, 
S = a+b = 2VP is a minimum when P = a? = b?, that is, when 


a=b= VP = Vab. 


APPENDIX IV Means 


For positive numbers, the harmonic mean (H.M.) < the geometric 
mean (G.M.) < the anthmede mean (A.M.), wre 
“art +- tasty~! 


ai 
f= (ee 
G.M. = VWajao°-* an; 


a1 +a2++:+ +an 
AM ee 
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Proof 
Se as = nat 22, | an oes 
(1) Let g Q1Q2 a,; then 1 7s re and 1 es 
an 


Reet But ce + = toot 7 > n (see Lemma below). Therefore 
ote FO > g; that is, G.M. < AM. 

(2) Using this result, we have Yay*ag*---a,° < tee Fae 
When 2 <0, [Yajragt-- ane] > [tet FOE Take 
a = —1; then Wa,a.°--a, > [see so that 
H.M. < G.M. 


LEMMA: If the product of positive numbers equals 1, their sum is not 
less than n. The proof by Mathematical Induction follows. 
(1) The theorem is true for = 2. Since (a; — a9)” > 0,a;2 + a2? > 


2a;a. Therefore, 7 + 2 > 2, since a positive number plus its 


7 1 
reciprocal > 2. Because aia2 = 1, a9 = a and therefore, a + = = 
1 
2 wes 
a + ay? = 2: 
(2) Assume a; + @2 + -°°- +a, > k when aja2q°'-a, = 1. 
casei: If a; = ag =-*'' =a, = 1, then a; tagt-o-°- tat 
ae41 = A+1. 


CASE 11: Some of the numbers are greater than 1, and some smaller; 
say a, < 1, ag, > 1. Then baga3:++:a, = 1 where b = ayayy1. 
Therefore b+ a.+agt:''+a,>k. But a; taet-°:+ 
Oy + apg, = (6 + @2 + 43 4+ °° + ax) + eg —Fb +a, 2>k+ 
M41 —-b+a,=k+ 1 + ae41 —-bt+a, — i. 

Therefore a; + @.+-°°> + Gey1 > (K 4-1) + Gegi — Gi@eg1 + 
a, —1= & 41) 4+ oil — ay) —- A -— a) = K+) 4+ 
(Qk41 — Da — @}). 

Since a; < 1 and Qn41 > 1, (Qega — ICL — a3) > 0. 

Therefore ay + a2 +°°+ + ae + Qe41 > K+ 1+ 4 positive num- 
ber > K+ 1. 


APPENDIX V Divisibility 

Let N = andn—1 °° * 41a be an integer with n + 1! digits, expressed 
in base 10. Then divisibility can be determined by the following 
theorems: 
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(a) 2 divides N if 2 divides apo. (i.e. N is exactly divisible by 2 if Ao is 

exactly divisible by 2.) 

(b) 5 divides N if ag = 0 or ag = 5, because multiples of 5 end either 

in 5 or 0. 

(c) 3 divides N if 3 divides S where S = a, + @Qn_, +:°°* + 4; + Qo. 
9 divides N if 9 divides Swhere S = a, + an_1 + °°: + 1 + ao. 

(d) 7 divides N if 7 divides P where P = (1: ao + 3a, + 2a9) — 

(1+ a3 + 3a4 + 2a5) + (1+ ag + 3a7 + 2a3) —-°- 

(e) 11 divides N if 11 divides @ where 0 = ag ~ a, + Gg —**' tay. 

Proofs 

(c) Let N = aga7aga5;a4a302@\a9. (The proof of the general case 

nAn— 1°‘ * @1Qq is similar.) 

N = ag(9 + 198 + 79 + 12)? +--+ +0199 + 1) + ao. 

Using the expression M,(9) to mean a multiple of 9, for i = 1, 2, 3, 4, 

5, 6, 7, 8, we can rewrite Nas N = ag[M,(9) + 1} 4+ a7[M77(9) 4+ 1] 4+ 

+++ + a,[M1(9) + 1] + ao. (See Appendix VI.) 

Therefore N = M(Q9)+ ag + a7 + Gg +45 + G4 + 43 + a2 + 

a, + ao. Certainly a multiple of 9, A4(9), is exactly divisible by 3. 

So whenever S = ag + a7 +°°*- + a1 + Go is exactly divisible by 

3, then 3 divides N. And whenever S is divisible by 9, then 9 divides NV. 


(d) Taking N = aga7ag° °° aa. 
N = ag(7 + 3)® + a7(7 + 3)? +--+ + 177 + 3) + ao. 
N = as[M,(7) + 3°] + a7f[M7(7) + 37] + -°° 4+ 
a,[M;(7) + 3] + ao. (See Appendix VI.) 
N = M(7) + 38ag + 3%a7 +--+ + 3a, + ao. 
Since 3? = 7 + 2,33 = 4-7 — 1,34 = 12-7 — 3,35 = 35-7 — 2, 
38 = 104-7 + 1,37 = 312-7 + 3, 3% = 937-7 + 2, 
N = M*(7) + (@o + 3a1 + 2a2) — (a3 + 3a4 + 2a5) + 
(@6 + 3a7 + 2s). 
Since a proof of this kind can be applied to the general case when 
N = GnQn— 1° ** @\@o, whenever 7 divides P, 7 divides N. 


(e) Let N = QgA7Q6° °° &1aq. 
N = a,(il — 1)® + a7(ll — 1)’ +--+ + + a, (11 — 1) + ao. 
N = ag{M,(11) + 1} + a7[M7(11) — 1) +--+ + 

ai[M (11) — 1] + ao. (See Appendix VI.) 
N = M(11) + ag — a7 + Gg — G5 + G4 — 43 + G2 — a; + Ap. 
Therefore, if 11 divides Q, 11 divides N. 
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ILLUSTRATION 1: We can test N = 317,142 for divisibility by 7 using 
Theorem (d) or modular division. 

(1) By Theorem (d), we have 

(-2+3-442-1)—- (1°-7+3-14+2-3) = 16—- 16=0. 
Since 0 is divisible by 7, 7 divides 317,142. 

(2) Using modular division, we have 

N = 3-105 +1-10* +7: 108 4+ 1-10? + 4-10 4+ 2. 

We use synthetic division, reducing coefficients modulo 7 as we proceed 
with the division. The divisor is 10 — 7, or 3. 


3. Jo ff. & 2 
RQ gp 6 0 ffs 


3 3 2 fo 4 fo 


Es 


Since the remainder is 0, the division is exact, and 7 must divide N. 


ILLUSTRATION 2: Test N = 41,631 for divisibility by 7, by Theorem 
(d), and by modular division. 
(1) By Theorem (d) 


d-143-34+2-6)—(-14+3:-4 = 22-13 =9. 


Since 9 divided by 7 leaves a remainder of 2, 7 does not divide N. 
(2) By modular division, (reducing coefficients modulo 7) 
4 1 [3 


6 3 l 
ts {ys 92 bh 
4 6 IB 5 2 


Since the remainder is 2, the division is not exact and 7 does not 
divide N. 


ILLUSTRATION 3: Test NM = 317,152 for divisibility by 11, by Theorem 
(e), and by modular division. 
(1) By Theorem (e) 


2@+1+)-64+74+3=4-15= -11. 


Therefore, 11 must divide N. 
(2) The divisor for modular division is 10 — 11, or —1. 
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3 1 5 2 [a1 


-3 2 -9 8 -2 
3  -2 9 -8 Zp 0 


Since the remainder is 0, 1! must divide N. 


ILLUSTRATION 4: Test N = 71,351 for divisibility by 11, by Theorem 
(e), and by modular division. 
(1) Theorem (e) shows that 11 does not divide N. 


(Q+3+)-S6+)=1-6=5 


(2) Modular division shows the same result. 
The divisor is 10 — 11, or —I. 


ILLUSTRATION 5: Test N = 24,041 for divisibility by 13, using modular 
division. The divisor is 10 — 13, or —3. 


2 4 0 1 teeg 


4 
6 6 -#f-5 3 


2 —2 6 —1 4 


Since the remainder is 4, the division is not exact and 13 does not 
divide 24,041. 


GENERAL THEOREM: A number WN, written in base 6, is divisible by 
b+ 1 if the sum of the odd-numbered digits, less the sum of the 
even-numbered digits, is divisible by b + 1. The absolute value of the 
difference of the sums is used. 


Specific Case 1: A number N, written in base 10, is divisible by 1119 if 
the sum of the even-numbered digits less the sum of the odd-numbered 
digits is divisible by 11, o. 


Specific Case 2: A number N, written in base 9, is divisible by 11g if 
the sum of the even-numbered digits less the sum of the odd-numbered 
digits is divisible by 119. 
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Example 1: 52789;9 is divisible by 11,9 since 5+ 7+9 = 2]y0 
less 2 + 8 = 1019 equals 11,9, which is obviously divisible by 1115. 
Actually, 5278919 + lip = 4799 1 o. 


Example 2: 718181, is divisible by 11g since 7 + 8 + 8 = 25g less 
1+ 1+ 1 = 39 equals 229, which is divisible by 11,9. Actually, 


Example 3: 1819212 is divisible by Il 2 since 8+ 9 = 15;2 less 
1+ 1+2 = 4,2 equals 1112, which is obviously divisible by 1112. 
Actually, 1819215 + Ilie = 16720;9. 
Proof 
N = ab” + ayb"—! + agb®—? + +++ + Gn_ob? + Gn_1b + Gn 
N= aol(b+ 1) — 1" +a,[(6+ I)—-—1pt tee t+ 
Qn—i[(6 + 1) — 1) + an 
After expansion we can express N as M,(6+ 1)+ M2(b4+ D+ 
>> + M,_1(b + 1) + R, where M,(b + 1) represents a multiple of 
6+ 1, and 


R = a9 — a1 + Az — *** — Gn 1 + Gn, if nis even, and 
R = -—ap + a4 — Gg +°°' — Ga + Gp, if nis odd. 
N= M(b+ 14+ R, where M(b4+ 1) = M1064 D4 


Mo(b +1) +-°- + Ma_ilb + I). 
.N is divisible by b + 1, if R is divisible by b + 1. 


APPENDIX VI Binomial Theorem 


If a and b are two real numbers and 7 is a natural number, then 
(a + by = (5) arb? + (7) at ae, a" 2p2 4. 
(i) at kok 4. 4 Ge ad 1) aip"—} ot i ) a°b*, 
n n! 

where (i) = kia — Bt 

The number of terms in the expansion of (a + 5)" is n+ 1. 
Two terms symmetrically placed with respect to the beginning and end 
of the expansion have equal coefficients. That is, 


(i) = (24) 


ILLUSTRATION: (a + b)* = a* + 4a°b + 6a7b? + 4ab® + b* 
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APPENDIX VII Miscellaneous 


1. Factors 
(a) Factors of the sum of two cubes 


x? + yp? = (x + y)(x? — xy + y?) 


&) Factors of the difference of two cubes 
x3 — y® = (x — p(x? + xy + y?) 


2. Summations 
@ S=142434--+n=5n@+D 
S=14345+4---+2n-1=7n? 
Sa 174274374 +47? = En) t NOn+ 1) 
S= 194294394 --- 479 = n(n + 1? 
@) S=at@+dt+@twWMt---+ fat (Id) = 
5 nia + (n — Id) 


@ — ar* 


S=a+ar+ar? +--+ +a") = 7——,r#l 
S=atarta?+---= 4 [<1 


3. Cramer’s Rule 
The solutions of the system of the linear equations 


ayx+ byy + ez = dy 


ax + bey + coz = de 
a3x + bay + c3z = dz 


a, bh Cy 
arex = 2, y = 2,2 = 7 where D = a2 be cel = 
a3 bs C3 
a;boc3 + Agb3C, + a301C2 = a1b3C2 — agb C3 — agbec, #0 
ad; by cy a @ cy a, by ay 
D, = |dz bz C2}, Dy = jaz dz Cel, Ds = |a2 be de 
dg bz cg ag d3 cg ag bg dz 
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4. Polygonal Numbers 
We designate the mth r-agonal number by P,”, where n = 1, 2, 
3,...andr = 2,3,4,.... 
(a) P,,”, the nth linear number is n = n + oon — 1) . 
) P,,3, the mth triangular number is mn +h) =n+ pene = . 


(c) Pn‘, the nth square number is 2? = n + date = 1). 


(d) P,,5, the nth pentagonal number is “rt =nt+ Sain). 
(e) P,®, the nth hexagonal number is wa?) =nat i). 
() P,', the nth r-agonal number is 
nf2 + (n — Ir — 2) _ n(r — 2)(n — 1), 
Sg 2 


5. Finite Mathematical Induction 

To prove that a formula or sentence involving one or more variables 
is true for all natural numbers greater than or equal to a given natural 
number, it is sufficient to show that 
(a) the formula holds for the given natural number (usually the 
number 5), 
tb) if the formula holds for the natural number k, where k > 1, (or 
the given natural number), it also holds for k + 1. 
Step (a) is referred to as the verification step. 
Step (b) is referred to as the induction step. 


